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I. EXECUTIVE SUMMARY

Fundamental Purpose of Study

The overall purpose of this work has been to further develop the application of
microwave science to geophysical property retrieval using satellite synthetic aperture

radar (SAR). Efforts toward this goal have included in-situ observations of the

microwave properties of sea ice, the documentation of the physical properties which

control backscatter intensity, the conduction of laboratory-based studies, the further

development and utilization of electromagnetic models, the development of empirical
scattering responses, and the determinations of the sources of backscatter.

-- Research Approach

One objective has been to advance the ability to extract sea ice geophysical

information; in particular, type, thickness, state, and physical properties. Improved

ice thickness determination, the discrimination among the thinnest ice types, the

detection of open water, the detection of the start of the summer melt season, and the

detection of the start of the freeze-up during fall are critical inputs in the study of

climate ,.hange. This has been pursued by documenting the microwave response for
-- various sea ice conditions and the associated physical properties. Hypotheses have

been developed based on scattering theory as to the controlling physical properties

I from which expected backscatter regimes may be anticipated. In addition, parametric
tests have been performed to predict the sensitivity of the backscatter response for the3 various ice forms to temperature, salinity, density, embedded scatterer distributions,

dielectric properties, surface roughness statistics, and the characteristics of a surface

snow or slush layer. Through the development of expected trends and sensitivities,
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and with the intercomparison of the frequency and angular response trends of

empirical data, a honing of our theoretical understanding has been achieved. I

Laboratory Investigations - CRRELEX I

A series of laboratory investigations (CRRELEX ' 88, '89, and '90) were U
conducted of the microwave and physizal properties of sea ice grown in an outdoor

tank located at the U.S. Army Cold Regions Research and Engineering Laboratory.

Polarimetric radar measurements were made in conjunction with extensive passive

microwave and ice physics observations. A fully integrated study was achieved where

the properties of the ice were controlled (to an acceptable degree at this time) and 3
well characterized. Emphasis was directed to the characterization of the microwave

properties of young sea ice forms. This included the examination of the ability to

discriminate between new ice and water, the discrimination of young ice types, and

the development of an integrated electromagnetic theory for sea ice and snow. With 3
the improvement in the theoretical formulation of sea ice microwave and millimeter-

wave signatures, electromagnetic models may begin to contribute to the retrieval of 3
physical property information using satellite derived data. Bistatic radar

measurements were also made for the first time ever to document the anisotropic

nature of the complex dielectric properties of the sea ice sheet, knowledge important

to the theoretical modeling of random media. 3
Development of Radar Look Up Tables for ASF/GPS 3
During this period, the development, refinement, integration and testing of

radar look-up tables of sea ice radar scattering coefficients was accomplished for use

in the National Aeronautics and Space Administration (NASA) Geophysical 3

21
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Processing System (GPS), whose purpose is to provide ice type as well as other

geophysical data products based on satellite SAR microwave signal information.

Efforts focussed on tables applicable to ERS-1 (C/VV/23 0), J-ERS-1 (L/HH/35 0),

EOS (C/POL/20°-50°), and SIR-C (L-C-X/POL/20°-50°).

Investigations Performed

A number of investigations have been undertaken and are summarized in

Table 1. The year, name of the investigation, site location, month of the activity,

ice types observed, and scattering measurement frequencies are indicated.

3
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Summary of Results

A large number of in-situ observations have been made during this research

period. These data provide documentation of the backscatter response and physical

properties for the many sea ice forms in various regions and as a function of season.

Based on these data, the sensitivity of radar backscatter to changes in physical

properties are being established. Results have also been supportive of the quantitative

and qualitative interpretation of aircraft SAR observations. The active microwave

measurements chapter in the upcoming ONR/NASA Sea Ice Monograph is devoted to

the results obtained from these microwave characterizations studies.

These measurements have been, and are being used, in the theoretical and

empirical modeling of the electromagnetic properties of sea ice by this investigator

Iand others. A chapter in the Sea Ice Monograph is devoted to this modeling work.

Additional contributions have been made to the Polarimetry and CRRELEX chapters.

In summary,

e A library of scattering coefficients have been assembled for sea ice

for various seasons and locations.

1 Documentation of sea ice conditions and the physical properties

responsible for backscatter has been accomplished.I
The importance of the low density ice layer in the upper portion of

jan ice sheet composed multiyear sea ice has been documented and

studied. It has been shown that the properties of this layer

Idetermines the backscatter intensity for multiyear ice. This work has

1 5

I
I



~RIM

guided the types of in-situ measurements necessary to fully

characterize multiyear ice during in-situ sampling programs I

* A description of the seasonal cycle has been made for first-year and I
multiyear ice.

* A sea ice scattering model has been developed which includes

surface scatter (small perturbation model, physical optics,

geometrical optics), an integrated volume-surface scattering

(radiative transfer model), and volume scattering only (second-order

Born approximation / Kong). These models have been used in 3
conjunction with the study of the acquired empirical data. They

have been used in parametric studies to determine sensitivities to 3
environmental conditions.

" A dielectric model [Kovacs, 1986] has been modified to provide I
predictions of permittivity profile, bulk dielectric constant, and 3
penetration depth. This model is based on a two-phase dielectric

mixing model by Tinga. This model is used in conjunction with the 5
EM backscatter models. I

" The surface roughness statistics for a large number of ice forms

during different seasons has been compiled. These data will be 3
available in the form of a Technical Report. A table of results has

been presented in the Sea Ice Monograph. The change in roughness 3
during the evolution of young first-year ice has been documented.

I
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* The evolution of open water to first-year ice has been studied. The

case for the evolution to new ice will appear in the Sea Ice

Monograph and in an upcoming paper. The evolution to first-year

ice is still under study and has been discussed at IGARSS.

1 * An approach as to how satellite SAR may be used to improve ice

i concentration estimates during summer has been made [Cavalieri et

al, 1990]. This technique is based on using SAR to estimate the

i areal coverage of open water melt pools on ice floes.

I Radar look up tables for ERS-1, JERS-1, and Radarsat have been

developed for utilization in the Alaskan SAR Facility Geophysical

I Processing System.

3 * The importance of the frost flower layer on young sea ice has been

documented further. Results show that the development of this layer

is related to the age and thickness of the thin ice. Work is

continuing to determine how this may be used to improve the

determination of ice thickness for sea ice cases below 1 m.

3 * Millimeter-wave measurements have been added to the microwave

characterization of sea ice forms.!
0 Fully polarimetric radar measurements have been made in the field

I and in the laboratory.

!7
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* The first bistatic measurement of simulated sea ice has been made in

the study of the anisotropy of sea ice. I

* The utilization of both active and passive microwave signature has I
been studied and reported. 3
Radar reflectivity measurements have been made and analyzed to

document the change in the dielectric properties of sea ice as it

evolves from open water to young sea ice. 3
It has been observed that frost flower development on young first- 3
year ice is related directly to its scattering coefficient, that the state

of frost flower development and ice thickness (first-year) are related, 3
and that this relationship may provide a means to improve the

discrimination of young sea ice types. 3
* It has been observed that there may be a relationship between the properties 3

of the low density layer on multiyear and the thickness of the ice sheet. I
Detailed discussions of results and findings are presented in the publications section

which has been included herein. 5
I
I
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ACTIVE AND PASSIVE MICROWAVE OBSERVATIONS OF ARCTIC SEA ICE
DURING TIE FALL FREEZE-UP

Robert G. Onstott Thomas Grenfell

Center for Earth Sciences Atmospheric Sciences Department
Advanced Concepts Division University of Washington

Environmental Research Institute of Michigan Seattle, Washington
P.O. Box 8618 Ann Arbor, MI 48107 USA

ABSTRACT relate these signatures to the physical properties of the ice.
Study sites were selected by visual observations from the

Microwave measurements of sea ice were acquired during surface which suggested ice age and formation conditions
the September-October 1989 segment of the Coordinated and, more specifically, by an initial survey performed by
Eastern Arctic Experiment (CEAREX). During this period transecting about the ice matrix with a radiometer. Specific
an intensive series of in-situ observations were made to study ice sites were then surveyed and a location nomenclature
several distinct ice types. In particular, the variation in tie developed.
physical and microwave properties in the uppermost portion
of multiyear ice was studied extensively. Active microwave Microwave data were then collected utilizing surface-based
measurements were made at L-, C-, X-, Ku-, Ka-, and W- towers which were positioned at each of the various sites to
bands while passive microwave measurements were made at obtain angular response data. The towers were also
C-, X-, Ku-, Ka-, and W-bands. Characterization transported about the sites so that inter-floe and intra-floe
measurements were performed to document the physical and spatial variation in microwave signatures could be addressed
electrical properties in the upper tens of centimeters of the further. The microwave sensor matrix is provided in Table
ice sheets. 1. In general, measurements were made from 5 to 94 GHz

at various polarizations and angles ranging from 0°to 75* .
Key words: Microwave, sea ice, radar, radiometer A photograph is provided in Figure 1 and shows a

radiometer being operated from a bipod. Also in this photo
is the sled and the various radars mounted at a height of 3

INTRODUCTION meters.

Surface based active and passive microwave measuremcnts
were made in conjunction with ice property measurements DISCUSSIONduring October in the regions located to the North and Eastof Svalbard. Measurements were made from the ice- Sites surveyed included young, first-year, and multiyear ice.

strengthened ship R/V Polarborn which served as a drifting Systematic variation in the properties in the uppermost
station by allowing the ship to be frozen within the ice pack portion of multiyear ice sheets was observed. Results from
next to a vast multiyear ice floe composed of ice of the study of the relationship between the microwave
dissimilar origins. In-situ observations of microwave signatures and the variation in the physical properties of low
signatures and physical properties were obtained at a large density ice was presented. A cross-sectional diagram of the
number of stations during this 8-week period when mean air general structure of multiyear ice found during this
temperatures were in continual decline. Ice forms in the investigation is illustrated in Figure 2. Observations were
immediate vicinity of the drift station included multiyear- made to specifically determine the sensitivity to multiyear ice
hummock (numerous sites), multiyear-meltponds (numerous with a rough surface, to various thicknesses of low density
sites), very old multiyear ice, typical multiyear ice, second ice in the upper most portion of the ice sheet (called snice in
year ice, first year, and a refrozen lead. Variations in the Figure 2), to the secondary or transitional bubble layer, to
thickness, density, bubble size and roughness associated with the variation in the distributions in bubbles in the upper
the ice located in the uppermost portion of multiyear ice portion of the ice sheet, and to density variations. A
sheets were detected and documented, summary of the characterization of the upper por'lon of the

ice sheet for the major multiyear ice sites investigated is
presented in Table 2. In addition, the active and passive

MICROWAVE DATA COLLECTION microwave signatures of the major ice types were
intcrcompared, and the ability to discriminate among themThe objective of this investigation was to determine, under and the added information gained through the fusion of

the freezing conditions of fall, the active and passive active and passive microwave data was discussed.
microwave signatures for a variety of types of ice and to
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I ACTIVE MICROWAVE OBSERVATIONS OF ARCTIC SEA ICE DURING TIlE FALL FREEiZE-UP

Robert G. Onstott
Center for Earth Sciences

Advanced Concepts Division

Environmental Research Institute of Michigan
P.O. Box 8618 Ann Arbor, M! 48107 USA

ABSTRACT iintcrconncct these sites so that the inter and intra floe spatial
variation in microwave signatures could be addressed

Near-surface millimeter and microwave measurements were further. It is also believed that the physical properties which
made during September-October, the fall freeze-up period, in where sampled discretely may also be extended by their
regions located to the North and East of Svalbard. association with their microwave signatures. Polarization
Microwave signatures and physical properties were acquired diversified data were acquired at 9.38, 18, 35, and 94 GHz
at a large number of stations and included floes composed of over the incidence angle range from 0' to 700. In this
Multiycar, first-year, young, and nilas sea ice. Systematic paper, only data at 10 GHz is presented. Sensor
variation in the thickness and density of the ice located in the specifications are summarized in Table 1.
uppermost portion of multiyear ice sheets was observed. In
this paper, the measured and predicted backscatter response One of the initiatives of this study is to obtain a better
was examined at 10 GHz. The impact of fall freeze up on understanding of the mean and variation in the physical
microwave signatures is also presented. properties of sea ice forms and to accompany these

observations with their microwave signatures over a wide
Key Words: Sa ice, microwave, radar, and fall. range of frequencies, polarizations, and angles. Scene

variability is important in the context of both geophysical
information and physical property retrieval. The data

INTRODUCTION collected are also critical in the validation and development
of theoretical sea ice models. For brevity, the discussion

The characterization of the microwave properties of sea ice presented here is limited to the variation in the properties ofwas conducted during the Scptcmber-October 1989 segment the upper-most portion of multiyear ice. In addition, only

of the Coordinated Eastern Arctic Experiment (CEAREX) in one of a possible of three major multiyear ice floes will be
regions located to the North and East of Svalbard. During considered, and only five of a possible ten sites within this
this investigation the ice-strengthened ship R/V Polarborn floe will be presented.
was allowed to freeze within the ice pack next to a vast
multiyear ice floe composed of ice of dissimilar origins. In-
situ observations of microwave signatures and physical IMPACT OF FALL FREEZE UP
properties were obtained at a large number of stations during
this 8-week period when mean air temperatures were in The impact of fall freeze up has been examined for the time
continual decline. Ice forms in the immediate vicinity of the period of about I to 15 October when air temperatures
drift station included multiyear-hummock (numerous sites), ranged from -15°C to-20°C. General results for the four
multiyear-meltponds (numerous sites), very old multiyear major ice types (multiyear, first year, young, and nilas) are
ice, typical multivear ice, second year ice, first year, and a summarized in Table 2. For the cases of multiyear ice, first
refrozen lead. Variations in the thickness, density, bubble year ice, and new ice, their signatures are very similar to
size and roughness associated with the ice located in the those obtained during winter conditions. A key factor is that
uppermost portion of multiyear ice sheets were detected and enough cooling has occurred that the cold waves have
documented. Selected examples are provided here to propagated far enough into the ice sheet so that the above is
illustrate the impact of these combinations of parameters on true. The ice form that is impacted during fall is that of
their microwave signatures. In addition, the impact of fall young sea ice. It's physical properties and signature is
freeze up on the microwave signatures of four major sea ice influenced by slow growing conditions, i.e. the air
types is presented. temperatures are still moderate when compared with winter

conditions. The ice in a refrozen lead next to the drift ship
The backscattcring data described here were collected did not congeal quickly or thoroughly. The top few
utilizing a surface-based tower which was positioned at each centimeters were composed of brine enriched snow (salinity
of the various sites to obtain angular response data. The = 26 ppt) and slush. When the sheet became thick enough
tower was also transported using a snowmobile to (35 cm) the upper portion of the lead froze more completely



I
and a signature enhancement was noted. A discussion of the 3) Increasing the density from 500 to 600 to 700
anatomy of a freezing lead is provided in Gow ct al [1]. kgm 3 causes a reduction in o,, of I and 1.5

dl,, respectively. .... showed a 2 and 3 tll

PHYSICAL AND MICROWAVE PROPERTIES reduction.

4) If the thickness of the LDI layer is changed
Five multiyear ice sites have been selected as representative, from 5 to 10 to 20 cm, then o*,,, increases by
Four of these sites are from hummocks and one is from a 2.5 dB and then 3 dB. °,o,,, increased by 5 dB I
fresh water meltpool. Their physical properties are in each case.
summarized in Table 3. Important observations will be
summarized here. The low density ice (LDI) in the upper
portion of the ice sheet is one of the two sources which 5) Varying the correlation length from 2 to 5 cm I
produce an enhanced backscatter. A pressure ridge which is produced little effect.

a topographical feature represents the second. To highlight
the importance of the LDI layer, the backscatter response of The parameters which appear outstanding for each site are
a hummock and a fresh water meltpool which were separated now discussed. The slight salinity in the case of Site DS-4
by fifty meters and were resident on the same multiyear ice appears important because the LDI layer was well

floe is provided in Figure 1. The critical difference between developed, but the overall return was slightly weaker than
these two scenes is the number of discrete scatterers (i.e. gas two other cases. Site DS-7 may be considered to be typical.
bubbles) in the top 15 cms of the ice. In addition, the Site DS-9 is interesting because it represents the weakest
number of scatterers for a given bubble size is related to like-pol response in this set. Rms roughness was found to
density. The hummock has a density of 651 kgm3 , while be greater for this site. As was noted in the parametric
the meltpool has a density of 914 kgm3 , that of pure ice. study an increase in roughness will cause a reduction in the
The lower the density of the LDI layer, the greater is the like-pol response with little subsequent reduction in thenumber of discrete scatterers for the given bubble size. In cross-pol response, except at the largest angles. The cross-

the incidence angle region from 30* to 60", the difference pot response for this site falls in the middle of the response
(> 15 dB) between these two multiyear ice responses is range for these sites. Site DS-13 is of particular interest in
striking and the mechanism well-defined, that it fits in the upper portion of both the like and cross

The interface between snow and LDI may be smooth, polarization response ranges. Its LDI layer is a bit unique in

modierae between or ery rough. may he e fro that the upper most portion is relatively thin, but of very lowmoderately rough, or very rough. Rms heights ranged from density (513 kgm3 ), and is followed by a very high density

0.14 to 1.01 cm. Correlation lengths were very similar with layer (929 kgm3 ) which contains some extremely large globs

a range from 2.0 to 4.6 cm. It is typically necessary to (diameters of 1 cm). Large bubbles contribute to large

characterize the LDI layer as a layer of ice with a very low cross-sections and to minimizing depolarization ratios.

density which is then proceeded by a transitional layer, often I
composed of large globs, which has a density which falls SUMMARY
between that of the upper most LDI layer and that of pure
ice. The bulk of the remaining ice sheet also has a density Fall freeze up in mid-October was found to have its greatest
similar to that of pure ice. A cartoon is presented in Figure impact on the microwave signature of young sea ice. This I
2 to illustrate the three ice layers and the range of the was attributed to warm temperatures and slow growing
critical physical properties for the sites under discussion. conditions when compared to those of winter. Ice signatures

for multiyear, first year, and nilas were found to be winter-
The angular responses of the backscatter response of the four like. The physical properties of the upper 10 to 20 cm of I
multiyear hummock sites are shown in Figure 3 for like (VV multiyear ice are shown to control the microwave process.

and HH) and cross polarization (VH and HV). The width of A discussion of property and signature variability was based
the mean angular response interval is about 5 dB for like- on measurements obtained from five representative sites.
polarization, cross-polarization is about one dB wider. A I
preliminary examination of the ability to predict the ranking ACKNOWLEDGEMENTS

between these four sites has been made. Basic "rules of
thumb" have been generated for the range of physical Office of Naval Research
property parameters measured during the characterization of This work is supported by the ffic e cn ical
these sites and using a radiative transfer model with a rough (ONR) contract N00014-86-C-0469. the Technical C

surface and Rayleigh scatterers [2,3]. The results of a Monitors were Mr. Charles Luther and Dr. Thomas Curtin.
parametric study are summarized here: REFERENCES I

1) Increasing the bubble diameter from 2 to 3 to
4 mm increases the like-pot return by 5 and 3 dB (11 A.T. Gow, D.A. Meese, D.K. Perovich, and

and the cross-pol return by 8 and 5.5 dB, W.B. Tucker, "The Anatomy of a Freezing
respectively. Hence, the depolarization ratio Lead," JGR, vol. 95, no. CIO, Oct. 15, 1990,
decreases from 10 to 7 to 4.5 dB. pp. 18,221-18,232.

2) Increasing the rms roughness from 0. 125 to .5 [2] A.K. Fung, and H.J. Eom, "Application of a
causes a reduction in a* of 2 to 3 dB (0,_ = 0* Combined Rough Surface Volume Scattering

to 55°), with the decrease increasing with Theory to Sea Ice and Snow," IEEE Trans.,
incidence angle. Increasing the roughness to 1.0 vol. GE-20,no. 4, October 1982, pp. 528-536.
cm causes an additional decrease of 3 to 6 dB.
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(31 Y.S. Kim, R.K. Moore, and R.G. Onstott,
"Theoretical and Experimental Study of Radar
Backscatter from Sea Ice,* Univ. of Kansas,
Lawrence, Kansas, RSL Tech. Report 33 1-37,
January 1984.
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ABSTRACT 2.0 SIZEX/CEAREX DATA SET

Coincident three frequency aircraft synthetic The SIZEX/CEAREX data discussed in this paper
aperture radar (SAR), NOAA satellite Advanced was collected on 17 and 20 March 1989 in the
Very High Resolution Radiometer (AVHRR), and DMSP Greenland Sea Marginal Ice Zone (MIZ) centered at
satellite Special Sensor Microwave Imager (SSM/I) approximately 77"N and 0" longitude. The 17 and
data were collected during the Seasonal Ice Zone 20 March data are representative of nine
Experiment (SIZEX) phase of the Coordinated coincident SAR. SSM/I, and AVHRR data sets
Eastern Arctic Experiment (CEAREX). The collected during the month long expedition.
SIZEX/CEAREX experiments discussed in this paper The ice strengthened research vessel Poiarkom
occurred in the March 1989 time frame in the operated within the scene covered by the SAR
Greenland Sea Marginal Ice Zone (MIZ), centered mosaic and satellite data. Sea truth,
at approximately 77" N and 0' longitude. The meteorology, and physical ice property
aircraft X-, C-, and L-band SAR data were co- measurements were made from the ship. Table I is
registered on a kIm grid with the passive an example of the types of sea ice and their
optical AVHRR, infrared AVHRR, and passive physical properties characterized during the
microwave SSM/I data. The SAR had a resolution remote sensing collections. The wind speed and
of approximately 10 meters while the AVHRR and air temperature as measured by the ship for 17
SSM/I resolutions were 1 km and 25 km, and 20 march were 5.4 m/s, -23.2'C, 3.5 m/s and -
respectively. 15'C respectively.

Ice information from individual sensors were The high resolution SAR was also used to
first compared, then the sensor measurements were detect icebergs and gravity waves as they
used together to provide information on ice edge propagated from the open ocean into the ice pack,
location, spatial ice type maps, and ice although this will not be discussed in this
concentration. In addition, information on the paper.
locations of eddies, local wind speed, and sea Figure I presents the SSM/I, AVHRR and SAR
surface temperature over the non-ice covered data for 20 March. The 25 km resolution SSM/I
areas of the MIZ were generated. Data fusion of brightness temperatures were converted to total
SAR and SSM/I data proved to be particularly ice concentration and multlyear fraction using
useful in separating open leads from frozen the standard NASA algorithms (1] and converted to
leads, surface wind speed over open water using a Navy

algorithm (2]. The I km resolution AVHRR channel
KEYWORDS: SAR, SSM/1, AVHRR, data fusion, CEAREX, 4 (infrared) was transformed directly into sea
marginal ice zone, sea ice, concentration surface temperature values. This data along with

the AVHRR channel 2 (visible) data is presented
1.0 INTRODUCTION in Figure 1. The SAR data in Figure I has a

resolution of approximately 10 m and a wavelength
This paper describes the fusion of synthetic of 5.6 cm (C-band) with vertical transmit and

aperture radar (SAR), Special Sensor Microwave receive polarization. Recall that the new
Imager (SSM/!), and NOAA Advanced Very High European Space Agency ERS-I SAR satellite will
Resolution Radiometer (AVHRR) data to study use the same frequency and polarization
arctic processes. These data were collected combination (3]. The images in Figure I were
during the SIZEX/CEAREX experiments that occurred each scaled differently. The SSM/I
in the Greenland Sea in March of 1989. concentrations were scaled between 0 and 100%

By the turn of the century large amounts of where 0 is black and 100% is white. The SSM/I
SAR satellite imagery of the polar regions will wind speed estimates were scaled between 0
be available. These data will come from a series (black) and 40 (white) knots. The AVHRR derived
of satellites; European ERS-1, Canadian RADARSAT, surface temperatures were scaled between -25'C
Japanese ERS-1, SIR-C/X-SAR, and EOS. Thus, the (black) and O*C (white).
combination of SAR, SSM/I and AVHRR satellite The SSM/I and AVHRR data products described
data will become central to the assessment of above were resampled on a I km grid and
arctic environments. coregistered based on their latitude and

longitude values. The SAR mosaic for 20 March



was manually interpreted on a 5 km grid as 4) The combination of all three sensors provide
described in (4] to extract total ice accurate ice information as well as sea
concentration, multiyear fraction, floe size, surface temperature and wind speeds.
lead, and ridge statistics (see table 3). This
data was also registered on the same REFERENCES
latitude/longitude grid to facilitate comparisons
between the sensors. [1] Gloerson, P., et aT., "Reduction of Weather

Effects in the Calculation of Sea Ice m
3.0 DATA FUSION RESULTS Concentration from Microwave Radiance', J.

Geophys. Res., Vol 91, pp 3913-3919, 1986.
Each of the three sensors provides 

a number of

geophysical data products for the Polar Ocean [2] Hollinger, J., "DMSP Special Sensor
region. Table 2 summarizes each of these data Microwave/Imager Calibration/Validation", DMSPproducts as well as presents parameters that can Final Report Vol. 1, Space Sensing Branch of the
be enhanced by combining the individual sensors. Naval Research Laboratory, Washington, DC, July

A comparison of ice products generated from 1989.
individual sensors can be generated to test
consistency between sensors. Figures 2 and 3 [3] Shuchman. R.A., The Use of Synthetic Aperture
compare the SAR derived totil ice concentrations Radar to Map the Polar Oceans, Proc. of OCEANS
with those obtained from the SSM/I for 17 and 20 '90, Washington, DC, September 24-26, 1990 pp
March, respectively. In general the agreement is 402-409.
quite good. The same is not true for the m
multiyear fraction comparisons (see Figures 4 and [4] Burns, B.A., et al., "Multisensor Comparison
5). On both days the SSM/I under-predicted the of Ice Concentration Estimates in the Marginal
multiyear fraction when compared to the SAR. The Ice Zone," J. Geophys. Res., Vol 92, C7, June
coarse resolution of the SS/I (25 km) may be the 1987, pp. 6843-6856.
cause of the underestimate. Fusion of the high
resolution SAR (10 m) can alleviate this problem.

Figure 6 shows a blending of the SAR, SSM/I,
and AVHRR data products and demonstrates how a
composite picture of the MIZ can be constructed ACKNOWLEDGEMENTS U
by data fusion. The ice edges derived from each
sensor individually are compared in Figure 6. This work was supported by the Office of Naval
The three edge lines agree to within 25 km (the Research (ONR) Contract *N00014-90-C-0148 under
resolution of the SSM/I). Note that the the technical guidance of Dr. Thomas Curtin and
combination of the sensors presents a fairly Mr. Charles A. Luther. m
complete environmental picture of the MIZ.

Additional data products can be derived from
the sensors by combining the raw data values from
multiple sensors first, and then deriving ice I
information. Figure 7 presents the results of
combining the SAR intensity values with the SSM/I
37 GHz horizontal polarized brightness
temperatures. Notice that the SAR alone cannot
differentiate open water from first year ice, but
a combination of the SAR and the SSM/I can easily

differentiate the two. While the SSM/I alone
does a good Job of this, fusing the SAR with the
SSM/I a data product of much higher resolution m
can be obtained. This result may allow one to
more accurately classify the various stages of
lead evolution. Surface winds over the leads and
at the ice margins may also be more
differentiable using a combination of
active/passive microwave sensors.

4.0 CONCLUDING RENARKW

Using a data set in the MIZ of the Greenland
Sea, SAR, SSM/I, and AVHRR data was compared and
then blended to provide a more accurate picture
of the sea ice and liquid ocean geophysics.
Detailed comparisons between the SAl, AVHRR, and
SSM/I indicated:
1) The ice edge position was in agreement to

within 25 kin,
2) The SSM/I SAR total ice concentration compared I

favorably, however the SSM/i significantly
underpredicted the multiyear fraction,

3) Combining high resolution SAR with SS/I can
potentially map open water and new ice
features in the MIZ which can not be mapped by
the single sensors, and

I
I



Table 1.
Exaroles of Sea Ice Physical Properties During CEAREX March 1989

Descriotion Multivear Thick First-Year I Young F-st-Year Thin F-rsz-ye.-

!ce ThIcKness - 2.55 i .64 1,64 C.215 .4 I 2

Snow Tnickness - c- 26 : 19 i 9.5 8 

T T "C -18.3 :3.6 i -19.7 -7.51 : 3.5 -25

T_ -16.2 : 3.6 I -13.2 -12.C : 2.9 -10

Salinity - PPT 0.17 : .9 8.4 t 3.0 9.9 7.9

DeDt -' 12 8 6 3

I Density - kgm/&, 0.716 t .19 .900 ! .03 0.844 3 359

I Brine Volume 0.757 i .83 51 t 3 35 -.8

Table 2.
Remote Sensing Derived Polar Ocean Geophysical Parameters vs. Sensor

Geopnysicai i

Parameter SAR SSM/I AVHRR Corb'nati o-

Total Ice Difficult at Difficult at Needed for MIZ anz
Concentration Yes the MIZ the MIZ First-Year vs.

Ooen Water

Multi-Year Fraction Yes Yes SAR/SSM/I
Imoroves Accuracy

Floe Size Yes No I km or Greater Not Needed

Ridges Yes No No Not Needed

Leads Yes No 1 km or Wider SAR/SSM/J Will
Discriminate Open
Water vs. New Ice

Ice Eddies Yes No No Not Needed

Eddies in Ooen AVHRR/SAR Will
Water Maybe No Yes Map Open Wate

Winds at Ice Edge Maybe Yes No SAR/SSM/I can
Potentially
Produce High
Resolution

E Estinates

Ice Kinematics Yes No Gross Movement Onlv Not Needed

Icebergs Yes j No Lo > I km Not Neeoe (

GravityWv
Propagation Into Yes No No Not Needed

the Ice
SI i

Table 3.
Manual Interpretation of the SAR March 20 Mosaic

SMn Max Mean

Total Ice Concentration (%) 0 100 59.2

Multiyear Fraction (%) 0 95 34.5

Floe Size (m) 0 5000 771_6

31.4% of Image Contained Leads
< 1% of Image Contained Major Ridges



SSM/1 Derived Total SSM/1 Der Ived Multiyear SSM/l Derived Near Surface

Ice Concentration Fraction 0 to 100 Percent W-nd Speed 0 to 40 Knots

E-AR Co.eage

AVHRR SAR Data Coverage AVHRR Derived Sea Surlace

Chanel 2(Visble)Temperature -25 to 0 Degrees C

ciam

SAR Mosaic SAR M ua Intrpeato

Figre1. SM1, VHR, nd SAR -aafr2 ac CA etSt
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which produce both the total and fractional sea
ABSTRACT ice percentages from passive microwave data.

Verification of the results generated from
Previous research studies have focused on these sea ice concentration algorithms was

producing algorithms for extracting geophysical performed separately by various research teams.information from passive microwave data regarding Their approach (when ground truth data was not
ice floe size, sea ice concentration, open water available) has been to compare the results
lead locations, and sea ice extent. These studies produced from coincident data sets collected by
have resulted in four separate algorithms for multiple sensors, then try and explain any
extracting these geophysical parameters. Sea ice discrepancies found. High resolution aircraft SARconcentration estimates generated from each of systems can provide such a verification since the
these algorithms (i.e., NASA/Team, NASA/Comiso, generation of reliable ice concentration
AES/York, and Navy) are compared to ice estimates can be performed [2]. These studies
concentration estimates produced from coincident show that the high spatial resolution associated
high resolution Synthetic Aperture Radar (SAR) with SAR imagery provides the ability todata. The SAR concentration estimates are aelineate individual floes and leads which make
produced from data collected in both the Beaufort the determination of ice concentration easier.
and Greenland Sea in March 1988 and March 1989, The research effort reported here is focused on
respectively. The SAR data is coincident to the trying to determine the strengths, weaknesses,passive microwave data generated by the Special and accuracy of several concentration algorithms
Sensor Microwave/Imager (SSM/I). by adopting the same method. The approach of this

analysis is to compare ice concentration
KEYWORDS: Sea Ice Comparison, SAR, SSM/I, Sea Ice estimates generated by four of the most widely
Concentration, Sea Ice Algorithm Comparison used concentration algorithms (i.e. NASA/Team,
10 NASA/Comiso, AES/York, and Navy) to ice
1.O INTRODUCTION concentration estimates produced from coincident

high resolution SAR data. Since the potential of
The polar research community has been imaging radars for discriminating sea ice typesinterested in the determination of sea ice has been demonstrated using manual photographic

products from the arctic region since the launch interpretation techniques [3], the SAR
of the Nimbus 5 Electrically Scanning Microwave concentration estimates are generated manually
Radiometer (ESMR) in 1972, and continued through from a SAR photographic mosaic.1987 with the Nimbus 7 Scanning Multichannel
Microwave Radiometer (SM1MR). Presently, the polar 2.0 SYSTEM AND NISSION DESCRIPTION
research community has focused its attention
towards the SS/I which was launched in June of The current SSM/I is a multichannel passive
1987 aboard the Defense Meteorological Satellite microwave radiometer built by Hughes Aircraft. ItProgram (ONSP) Spacecraft F8. The SSM/I is the was designed to provide synoptic maps of
first of seven planned SSK/Is scheduled for atmospheric, oceanographic, and selected landlaunch over the next two decades which will make parameters on a global scale. The SS/I contains
available passive microwave imagery of the arctic seven linearly-polarized channels operating atregion well into the twenty first century (1]. four separate frequencies (i.e., both horizontalSince 1972 the polar research community has and vertical polarization at 19.3, 37.0, and 85.5
been developing sea ice product algorithms GHz and vertical polarization at 22.2 GHz). The
designed to extract geophysical information about SSM/I satellite Is In a circular sun-synchronous
the arctic. The focus of these algorithms has near-polar orbit at an altitude of approximatelybeen the generation of ice floe size 800 km. The orbit period is 102.0 minutes
distributions, open water lead locations, sea ice producing 14.1 full orbit revolutions every day.
concentration maps, and sea ice extent (the The scanning antenna is tilted at a 45 degree
location of the boundary between open water and angle to the satellite spin axis and sweeps out athe ice pack) which may assist in the generation 1400 km wide swath In 1.9 seconds. The
of global climate models helping us to further resolution, or footprint, of the SSM/I brightness
understand our biosphere. During this period temperatures varies according to the frequency,
several research teams have developed algorithms where the footprint is approximately 55, 49, 32,



m
and 13 km for the 19.3, 22.2, 37.0, and 85.5 GHz algorithm uses both the 19.3 and 37.0 GHz
channels respectively (I]. brightness temperatures to determine the total

The high resolution SAR data used in this ice percentage. This algorithm, along with the m
analysis was generated from the Naval Air NASA/Comiso algorithm, is used primarily for
Development Center (NADC) SAR built by the determining sea ice extent as well as the first-
Environmental Research Institute of Michigan year/multiyear ice pack boundaries.
(ERIM), also referred to as the NADC/ERIM P-3
SAR. The NADC/ERIM P-3 SAR is a multifrequency, 4.0 ICE CONCENTRATION ALGORITHM COMPARISON
polarimetric, SAR installed in a U.S. Navy P-3
aircraft. It is a side-looking SAR that operates The SAR ice concentration estimates are
in both strip-map and spotlight mode. The center derived manually from a photographic mosaic which
frequencies are 9.35 GHz, 5.30 GHz, and 1.25 GHz was produced by optically processing the digital
corresponding to X, L, and C bands respectively. SAR data. The photographic mosaic represents an
The system is capable of recording polarimetric area of continuous SAR coverage on approximately
data corresponding to all of the elements of the a 3.0 meter grid. The SAR concentration estimates
polarization matrix (i.e. HH, VV, HV, and VH are produced by dividing the SAR mosaic into a
polarizations) where transmit and receive 5.0 km grid and manually interpreting the total
polarizations can be altered on a pulse-by-pulse ice percentage along with the multiyear, first-
basis. year, and open water ice fractions. Sea ice

The remote sensing data used in this concentration maps are then generated on a 1 km
comparison consists of imagery recorded in the grid for each of the sea ice concentration I
Beaufort Sea on both 18 and 19 March 1988 and in estimates. These concentration maps are produced
the Greenland Sea on 17 and 20 March 1989. The using a two dimensional cubic spline
SAR data was recorded with an azimuth resolution interpolation scheme. The SSM/I concentration
of 2.8 meters (the direction parallel to the maps are produced from data collected by multiple
flight track) and a range resolution of 3.2 orbits of the SSM/I satellite (orbits spanning
meters (the direction orthogonal to the flight the same time over which the SAR data was
track). This imagery was collected at C-band with collected). Both the SAR and SSM/I sea ice
VV-polarization and is coincident to the SSM/I concentration maps then represent a one-to-one
overflights, mapping of the fractional ice type over a given I

latitude and longitude region.
3.0 ICE CONCENTRATION ALGORITHM DESCRIPTION The Beaufort Sea data collected on 18 and 19

March 1988 represent areas of 100% total ice
The four concentration algorithms included in concentrations where the 18 March mosaic crosses

this study are the NASA/Team, NASA/Comiso, the flrst-year/multlyear ice pack boundary and
AES/York, and Navy ice concentration algorithms, the 19 March mosaic data was collected in the

The NASA/Team algorithm is a multichannel multiyear ice pack. This is an ideal data set for
concentration algorithm which generates both the measuring the strengths of the Navy algorithm
total ice percentage as well as the multiyear ice which produces a total ice concentration estimatem

fraction. It utilizes both the polarization and along with the predominate ice type. Figure I
spectral gradient ratios from the 19.3 and 37.0 shows the multiyear sea ice concentration
GHz channels to determine the percentage of estimates for three of the concentration
multiyear sea ice [4,5]. The multichannel algorithms (NASA/Team, AES/York, and Navy) along
techniques used by this algorithm were adopted with the SAR estimates plotted as a function of
from those developed for the multichannel SMMR latitude for the 18 March mosaic data (remember
sensor which requires a unique emissivity for the 18 March mosaic crosses the first-year/
each of the assumed ice types within the scene. multiyear ice pack boundary). Notice that the
The NASA/Team algorithm uses the "global" set of AES/York and Navy algorithm estimates track the m
tie points listed in [4] as the required set of SAR estimates close in the first-year ice pack,
emissivity values. The NASA/Comiso algorithm while the NASA/Team algorithm estimates are
presented in this analysis is also a multichannel closer to the SAR estimates in the multiyear ice
algorithm which produces the total ice percentage pack. Also notice that all three algorithm
only from the 19.3 and 37.0 GHz SSM/I brightness estimates are higher than the SAR estimates
temperatures. However, this algorithm is less (approximately 40% to 50% higher) and that the
rigid than the NASA/Team algorithm. It allows for NASA/Team estimates are much higher than the SAR
modification of the tie points representing the within the first-year ice pack (approximately 30%
emissivity of each ice type taking into account higher). This misclassification of first-year ice m
the spatial and temporal variability of the by the NASA/Team algorithm is probably due to the
physical characteristics associated with pressure ridges associated with first-year ice in
different areas within the arctic (6]. The the Beaufort Sea. Figure 2 illustrates the
AES/York algorithm was designed to retrieve not corresponding plot of the concentration estimates
only the basic SSM/I parameter of total sea ice as a function of latitude for the 19 March mosaic
concentration, but also identify first-year, data. The Navy algorithm estimates the entire
multiyear, thin ice, and open water within the area as 100% multiyear sea ice, as expected, and
SSM/I footprint. Like the two NASA algorithms it the AES/York estimates are all 40% to 50% higher
uses both the 19.3 and 37.0 GHz channel data to than the SAR estimates. However, the NASA/Team I
determine these ice types. It also uses fixed tie algorithm produced multiyear concentration
points representing the emissivities of each estimates consistent with the SAR estimates.
passive microwave ice type signature (7]. The The Greenland Sea data collected on 17 and 20
Navy algorithm is a tailored version of the March 1989 represents areas of the Marginal Ice
AES/York algorithm. It generates the total ice Zone (MIZ) which contains varying amounts of open
percentage within an SSM/I footprint along with water, first-year, and multiyear sea ice. This
the predominate ice type where the predominate data is good for testing the accuracy of the
ice type can be either first-year or multiyear NASA/Team and AES/York fractional ice type

Like the other algorithms, the Navy estimates along with the total ice percentage.
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Figure 3 is a plot of the total ice concentration estimate containing mostly multiyear sea ice
estimates versus the Corresponding SAR estimates generated NSE values of 0.285 and 0.450 for both

for the 17 March 1989 data. The key on the plot the 17 and 20 March Greenland Sea data
illustrates a symbol for each of the four respectively. The AES/York algorithm generated
algorithms (the NASA Alg. refers to the NASA/Team NSE values of 0.320 and 0.553, and the NASA/Team
algorithm and the Comiso Alg. refers to the algorithm NSE values were 0.467 and 0.681 for the
NASA/Comiso algorithm) along with the slope "a" 17 and 20 March 1989 Greenland Sea data
and y-intercept b" of the linear regression respectively. This implies that even though the
analysis. Notice that the linear trend Navy algorithm generates a total ice estimate,
corresponding to each of the algorithm estimates the estimates are closer to the SAR estimates
is relatively close to the line with slope 1.0 than the NASA/Team or AES/York algorithm
and y-intercept 0.0 (this is the line where y-x estimates.
representing an exact match between the SAR and
SSM/I estimates). The AES/York estimates provide ACKNOWLEDGEMENTS
the best match while the NASA/Comiso estimates
have a slope very near 1.0 shifted by -9.096. This research effort was sponsored by the
Figure 4 illustrates the corresponding plot for Office of Naval Research (ONR) Contract No.
the 20 March 1989 data. Again, this plot shows N00014-81-C-0295, N00014-90-C-0148, and N00014-
relatively good results for the NASA/Team, 88-C-0680 under the technical guidance of Charles
AES/York, and Navy algorithms while the Luther, Robert Thomas at the National Aeronautics
NASA/Comiso algorithm tends to underestimate the and Space Administration (NASA), and Robert
total ice concentrations. Figures 5 and 6 show Winokur at the Office of the Oceanographer of the
plots of multiyear ice concentrations versus the Navy.
SAR estimates for the 17 and 10 March 1989 data
sets, respectively. These plots show that the REFERENCES
Navy algorithm generates ice concentrations that
are consistently higher than the SAR. This is r1] Hollinger, J., "OMSP Special Sensor
expected since this algorithm generates a total Microwave/Imager Calibration/Validation," OMSP
ice concentration value. Both the NASA/Team and Final Report Vol. 1, Space Sensing Branch of the
AES/York algorithms produce multiyear estimates Naval Research Laboratory, Washington, D.C., July
that are consistently lower than the SAR. This is 1989.
surprising since the multiyear estimates
generated for the Beaufort Sea data were (2] Burns, B. A., et al., "Computer-Assisted
consistently higher than the SAR. This might be Techniques for Geophysical Analysis of SAR Sea-
due to differehic characteristics in the multiyear Ice Imageryo, Pro. Nineteenth International
ice signatures between the two locations, or Symposium on Remote Sensing of Environment, ERIM,

possibly the absence of pressure ridges from Ann Arbor, MI, pp. 947-959, 1985.
first-year ice in the MIZ (remember the NASA/Team
algorithm misclassified approximately 30% of the (31 Gray, A. L., et al., "Simultaneous
first-year ice as multlyear ice on the 18 March Scatterometer and Radiometer Measurements of Sea-
1988 Beaufort Sea data). Ice Microwave Signatures," IEEE J. Oceanic Eng.,

vol. OE-7, 1982, pp. 20-32.
5.0 CONCLUSIONS

[4] Cavalieri, D. J., et al., "Determination of
The NASA/Team algorithm generated multiyear Sea Ice Parameters with the Nimbus 7 SMMR", J.

ice concentration estimates similar to the SAR in Geophys. Res., vol. 89, pp. 5355-5369, 1984.
the multiyear ice pack for the 19 March 1988
Beaufort Sea data (man difference of (S] Gloersen, P., et al., "Reduction of Weather
approximately 6.5%). It also produced a Effects in the Calculation of Sea Ice
misclassification error of approximately 30% (due Concentration from Microwave Radiance", J.
to the pressure ridges) in the first-year ice Geophys. Res., vol. 91, pp. 3913-3919, 1986.
pack for the 18 March 1988 Beaufort Sea data. The
AES/York and Navy algorithms were not affected by [61 Comiso, J. C., "Characteristics of Arctic
the pressure ridges in the first-year sea ice, Winter Sea Ice From Satellite Multispectral
both produced a 0% multiyear estimate in the Microwave Observations', J. Geophys. Res., vol.
first-year ice area. Both the AES/York and Navy 91 pp. 975-994, Jan. 1986.
algorithms were able to distinguish between the
first-year/multtyear ice pack boundaries, but [71 Ramseier, R. 0., "Canadian Validation of The
they also overestimate the ice concentrations in SSM/I and AES/York Algorithms for Sea-Ice
the multiyear pack. The total ice concentration Parameters", OSS File No. 62SS.KM168-7-7059, June
estimates derived from the 17 and 20 March 1989 1990.
Greenland Sea data are relatively close to the
SAR estimates for the NASA/Team, AES/York and

Navy algorithms. Each of these algorithms
produced a Normalized Standard Error (NSE) less
than 0.1, where the NSE is computed as the mean
difference between the SSM/I and SAR estimates
divided by the man square of the SAR estimates
(NSE equal to zero mans no difference between
the SAR and SSM/I derived concentration esti-
mates). The NASA/Comiso algorithm underestimated
the total ice percentage for the 20 March 1989
data (NSE equals 0.2). However, a much larger
discrepancy was found in the multiyear estimates.
The Navy algorithm which produces a total ice
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I 'POLARIMETRIC RADAR MEASUREMENTS OF ARCTIC SEA ICE

DURING TI!E COORDINATED EASTERN ARCTIC FXIIE-RINIENT

i R.G. Onstott, R.A.Shuchntan, and C.C. Wackernian
Center for Earth Sciences

Advanced Concepts Division
Environniental Research Instilue of NIlichi.-ai

P.O. Box 8618 Ann Arbor, Nil 48107 USA

ABSTRACT information gained is based oi the exploitation of the true
complex scattering cocfficicnts. This may be obtained from

Surface-based scatterometer and airborne synthetic the phase difference between returns at VV and ItH
aperture radar (SAR) data of Arctic sea ice in Fram Strait polarizations, tile differences in the backscatter intensities at
were obtained during March 1989 as part of the Coordinated the various polarizations (i.e. VV, VII. HIIH, and VI), and
Eastern Arctic Experiment (CEAREX). Statistics of the correlations between these complex scattering
scattering coefficients, polarization ratios, depolarization coefficients. It is hypothesized that if the full scattering
ratios, phase differences, and correlation coefficients have matrix is acquired that physical property information
been determined at frequencies of 1.25, 2.0, 5.25, 9.38, and associated with preferred gcomctric orientations or internal
35 GHz to describe the scattering behavior for each of the anisotropic physical-dielectric properties will be more
major ice types. Ice form categories were numerous and accurately obtained. This would then lead to improved ice
included multiyear, first-year, nilas, and the thinnest forms, type discrimination, feature identification, and geophysical
including very fine spicules of ice in suspension. These property retrievals. This may allow computer algorithms to
statistics have been calculated because they are unique, may be simplified because of the ability to select an optimum
be understood theoretically and empirically, and serve as the subset of parameters from the scattering matrix, and possibly
basis to discriminate image features, the relaxing of SAR resolution requirements while

maintaining algorithm performance.
Key Words: sea ice, radar, polarimctry

TO CI EXPERIMENT I)ESCRII'ON
INTRODUCTION

Radar backscatter data were acquired at frequencies of
Polarinietric radar observations were made of sea ice 1.8, 5, 10, and 35 GHz from the rail of the ice strengthened

in the Greenland Sea during the March segment of the ship R/V Polarhjorn using a polarimctric scatterometer. The
Coordinated Eastern Arctic Experiment (CEAREX). During ERIM/NADC P-3 SAR was operated at 1.25, 5.25, and 9.38
this period an intensive series of in-situ observations were GHz to image the regions which were the subject of the
made to study several distinct ice types. Aircraft overflights intensive in-situ investigations. Sites were located near the
were also conducted. One of the objectives of this open water at the ice edge of the marginal ice zone (MIZ) to
investigation is to determine, under winter conditions, the the giant floes (diameters greater than 10 kni) in the ice pack
active and passive microwave signatures for a variety of located a distance of 35 nm from the ice edge. In summary,
types of ice and to relate these signatures to the physical observations included open water, pancake ice. nilas ice.
properties of the ice. A second objective is to dcterminc the young ice, first year ice, and multiyear ice. These radar
utility of a polarimetric synthetic aperture radar (SAR) to observations were carried out in conjunction with the
improve the accuracy of geophysical properties generated for detailed characterization measurements. A summary of the
the Arctic. Also of particular interest is to develop the physical properties for four major ice types is provided in
ability to discriminate open water, new ice, and nilas. Table 1.

During CEAREX. full complex scattering matrix data
were acquired at frequencies in the bands from L to Ka.
The purpose in acquiring these data is many fold and PREDICTEI) UTIi.ITY
includes the improvement in the understanding of the
scattering properties of all ice forms by the complete An analysis was performed to determine the ability to
characterization of the scatter field over a very wide range of exploit the polarization ratio and phase difference for five
frequencies. The study of the optimal radar parameter clutter types including open water, very new ice, new ice,
combinations and the determination of the utility of the very first year ice, and multiyear ice. Response functions derived
robust, polarimctrically capable radars also benefit from from the small perturbation scattering mtocl for smooth
these data collections and study. With a polarimetric radar, surfaces were created as a function of incidence angle and
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are provided in Figures 1 and 2. Proper dielectric constant In general, the information within the four images of
values are critical in this study and were derived from different polarizations is very similar, except in the case of
previous radar rcflcctivity measurements. Essential trends the young ice types. Interestingly, the like-pol responses are
are described herein. In the transition from open water to different enough to have utility, and the comparison between
new ice, brine is deposited on the surface of the new ice, the like- and cross-pol responses are even more dramatic.
hence, its dielectric constant will be higher than that of open Hence, polarization diversification for use in separating
water. Within hours, however, the ice thickens and the young ice forms will be examined with interest. The nilasdielectric constant reduces. By the time grey ice or first formed in the shadow areas produced a barely detectibleyear ice has evolved there is an order of magnitude change enhancement in backscatter return at VV-polari7ation. The

in dielectric constant. The dielectric constant for multiyear edge between ice and water was delineated. Contrast
ice (the upper portion of the ice sheet) is about 30% smaller between these two ice types improved with decreasing
than that for first year ice. Results show that dielectric frequency (i.e. at C- and L-band). The cluttering between I
constant and incidence angle drive these ratios, with the the various young ice forms in the grey ice band suggests a
largest differences occurring when there arc larger sensitivity to roughness scales at this frequency.
differences in dielectric constant. Ratios among the ice A set of SAR derived products has been generated and
types become larger with increasing incidence angle. Based is provided in Figure 5. These include uvv, o ii,, aIv,
upon these results and the L, C, X SAR data, it appears that span, polarization ratio, depolarization ratio, correlation
the greatest ability to discriminate new ice and water is coefficient, and co-pol phase difference. These results and
obtained at L-band by using the polarization ratio to segment their interpretation were one of the focusscs of the discussion
open water and then detecting at VV-polarization the very of this presentation. These data were contrasted with
weak returns produced by the nilas as contrasted to the preliminary results obtained by the surface-based
stronger returns of open water. scatterometer. These results are included in Table 2 for

reference.

DISCUSSION
SUMMARY

A set of four SAR images (HH, HV, VH, VV)
obtained at 9.38 GHz is provided in Figure 3 to illustrate ice A comprehensive collection of data has been obtained
conditions found in the Greenland Sea on 21 March. This to characterize the microwave properties of Arctic sea ice
scene was selected because it includes open water, nilas, and to allow further refinement of satellite SAR geophysical
young first year, and multiyear ice which were identified by algorithms. Included is a critical set of data in which areas I
both helicopter reconnaissance and in-situ sampling. One of of open water, new ice, nilas, and young first year have
the important features in this image set is the extensive lead been identified by in-situ observations.
area, much of which is in open water. Very thin ice was
found to form in the shadowed regions of the open water l
lead which lie close to the vast multiyear ice floe (lower ACKNOWLEDGENIENTS
right hand corner). Adjacent to this lead in the lower left
hand corner is a band composed of various stages of grey This work is suplxrted by the Office of Naval Research
ice. A diagram of sea ice types identified from the SAR (ONR) contract NiO014-86-C-0469. The Technicalimagery is presented ir Figure 4. Monitors were Mr. Charles Luther and Dr. Thomas Curtin.
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Microwave and Physical Properties of Sea Ice in the Winter
Marginal Ice Zone

W. B. TUCKER III,' T. C. GRENFELL, 2 R. G. ONSTOTT, 3 D. K. PEROVICH,1 A. J. Gow,' R. A. SHUCHMAN,
3

AND L. L. SUTHERLAND
3

Surface-based active and passive microwave measurements were made in conjunction with ice

property measurements for several distinct ice types in the Fram Strait during March and April 1987.
Synthetic aperture radar imagery downlinked from an aircraft was used to select study sites. The
surface-based radar scattering cross section and emissivity spectra generally support previously
inferred qualitative relationships between ice types, exhibiting expected separation between young,
first-year and multiyear ice. Gradient ratios, calculated for both active and passive data. appear to
allow clear separation of ice types when used jointly. Surface flooding of multiyear floes, resulting
from excessive loading and perhaps wave action, causes both active and passive signatures to
resemble those of first-year ice. This effect could possibly cause estima:.es of ice type percentages in
the marginal ice zone to be in error when derived from aircraft- or satellite-borne sensors.

INTRODUCTION INSTRUMENTS AND MEASUREMENTS

The final field program of the Marginal Ice Zone Experi- Synthetic Aperture Radar

ment (MIZEX) took place in March and April 1987. As with Synthetic aperture radar (SAR) data collection missions
previous MIZEX field investigations, this experiment was were flown on a daily basis throughout MIZEX '87 using the
carried out primarily in the Fram Strait. This particular Intera STAR systems. The Intera STAR I and STAR 2 are X
program consisted of the winter phase of the experiment band (0.032-m wavelength) HH polarization radars with
whose primary objective was to examine ice-ocean- resolutions ranging from 4 to 24 in. The high/low resolution
atmosphere MIZ processes during the period of maximum swath width is 23/43 km for STAR I and 17/63 km for STAR
ice extent. A detailed description of MIZEX objectives is 2. Each mission covered approximately a 200 by 200 km area
presented by Wadhams et al. [1981]. Many of the results surrounding the Polar Circle. During overflights, SAR data
from the summer MIZEX programs are described in the were transmitted via radio link to the Polar Circle, where

[ special Marginal Ice Zone Research issue of the Journal of they were used to select sites for the comprehensive micro-
Geophysical Research (volume 92. number C7, 1987). wave and physical properties investigations.

The objectives of the investigation described here were to Ice Physical Properties
determine, under winter conditions in the MIZ, active and
passive microwave signatures for a variety of characteristic The physical properties description consisted of a detailed
ice types and to relate these signatures to the physical characterization of the snow cover and the underlying sea
properties of the ice. These joint measurements were con- ice. Snow characterization entailed a snow thickness survey

ducted from the ice-strengthened Norwegian vessel Polar and an examination of the snowpack stratigraphy. The
Circle. At selected sites, a variety of measurements were surveys typically consisted of snow depths measured on a
made. the most basic of which included documentation of grid of 25 or more locations spaced at 3 to 5 m. Snow

the ice physical properties. Snow thickness surveys and p stratigraphy was investigated by excavating a snow pit and
excavated in the snow were used to furnish snow depths and measuring vertical profiles of snow temperature, density,

ionic conductivity, and crystal size and type. In addition,
physical properties. Radar backscatter and passive micro- oid sno sc imen w re pr ea d te m r detiled
waemaueet eemd tavreyo rqece.solid snow specimens were prepared for later, more detailed
wave measurements were made at a variety of frequencies, structural studies, by filing the pore spaces of a sample with

polarizations, and incidence angles. Both active and passive dimethyl phthalate and freezing the sample.

microwave systems were also routinely operated as the ship Our description of each site included floe size and quali-
moved through the ice, thereby obtaining a large set of data tative surface topography information. At least one 80-mm-
encompassing a variety of ice conditions in the MIZ. Occa- diameter ice core was taken through the entire thickness of
sionally. the passive microwave system was mounted on a each floe to enable analysis of the ice structural and physical
sled which was pulled across the floe in order to assess the properties. These cores were used to determine vertical
small-scale within-floe variations, profiles of ice temperature, salinity, density, and crystalline

structure for successive 10-cm increments of core. Brine and
'U.S. Army Cold Regions Research and Engineering Laboratory, air volumes were calculated using the measured parameters

Hanover. New Hampshire. and the relationships formulated by Cox and Weeks [1983].
2Department of Atmospheric Sciences, University of Washing-

ton. Seattle.3Environmental Research Institute of Michigan. Ann Arbor. Passive Microwave

Copyright 1991 by the American Geophysical Union. Passive microwave measurements were obtained at 10. 18,

Paper number 90JC02269. 37, and 90 GHz (X, K, Ka, and W bands) at a nadir angle of
0148-0227/91/90JC-02269$0c.00 500. alternating between vertical and horizontal polariza-
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tions. While the ship was moving, the four radiometers were terer in the direction of the receiver, P, is the transmitted

mounted approximately 15 m above the ice, and continuous power density at V polarization, and A is the illuminated

traverses of brightness temperature were recorded. At the area. Since only VV polarization results are presented here, I
ice stations when the ship was stationary against the selected we adopt the convention that ar° implies o
floe, the radiometers were mounted on a sled, and traverses Except for neir-nadir viewing, where the backscatter is

across the ice floe were carried out with the antenna pointed influenced predominantly by total scattering and surface
at 50' from nadir. reflection effects. the radar return is dominated by the

The effective emissivity at frequency v for polarization p is combination of surface and volume scattering. Spatial fluc-

determined from the formula [Grenfell and Comiso, 1986] tuations in the dielectric properties of the medium determine

e (p, 0) = (TB - Tk)/(T. - Tky) () the magnitude of the scattering. 3
where T8 is the brightness temperature of the surface at a RESULTS

nadir angle 0, TSky is the brightness temperature of the sky at
zenith angle 0, and T, is the physical temperature at the Combined measurements of ice and microwave properties

snow-ice interface. This formula is appropriate for the de- were made at about 25 floes. Five specific sites representing

termination of emissivity for a surface based measuring the distinctive ice types observed during the experiment

system in that it includes the entire atmospheric contribution were selected for this investigation (Figure 1). The selected

to the sky radiation. ice types consisted of pancake (P), multiyear (M). flooded

Present models calculate the microwave emissivity from multiyear (MF). first-year (F) and very young (50-100 mm

the physical structure of the medium in terms of the rela- thick) ice or nilas (N). Our observations indicated that the

tionship various ice types are faih.y well intermixed throughout the
Fram Strait MIZ. The major exception is pancake ice, which

e,(p, 0) = I - R,(p. 0) - S (p, 6) (2) was generally found close to the ice edge. where the wave
action needed to form this kind of ice is prevalent.

where R is the effective surface reflectance and S is an Figure 2 is a SAR mosaic of an area of the ice in Fram
angular integration of the surface and volume scattering. Strait, approximately 400 x 180 km. This particular image
Each of these quantities is a function of frequency, polariza- was collected on April 4. 1987. roughly the midpoint of the
tion, and angle of observation. A distinction is made be- experiment. The area encompassed by the image is outlined
tween reflectance and surface scattering in that the reflec- in Figure 1. Typical ice types are identified on the SAR I
tance consists of the relative intensity of the coherent image. In general, bright tones on the image correspond to
reflected field where surface scattering refers to the incoher- multiyear ice, while the darker tones are various stages of
ently scattered field. R is determined largely by the bulk young ice. The blackest signatures are indicative of open
dielectric properties of the medium, while S (surface and water. We place a high degree of certainty on the identifica- I
volume scattering) is dependent on the distribution of inho- tion of the designated ice types because they were identified
mogeneities in the medium as well as the bulk dielectric directly by helicopter reconnaissance. This entailed carrying
constant, the downlinked SAR image on helicopter flights shortly after

the actual SAR flight and locating recognizable features on

Radar Backscatter the image (i.e.. leads, large floes. etc). Ice in the vicinity of
recognizable features was also identified as to type, concen-

The r ackscatter measurements were obtained using two tration and mixture. This information has been used for the

radar scatterometer systems operating from the the rail of development of SAR interpretation algorithms [Shuchman etthe upper decks of the Polar Circle. about I5 m above the a, 99 akra ta,18]

ice. Backscatter data were acquired at 1.5, 5.25, 9.38. 18, al., 1989; Wackerman et al., 1988].
i and 35datz(L. C. XK,an e aed alth logistical .29 ,18 No attempts were made to extract SAR backscatter values
and 35 GHz (L, C, X, K, and K bands). although logistical for the detailed study sites because sites were often located I
considerations sometimes made it necessary to restrict the on floes that could not be distinctly identified on the image.

frequencies to 18 and 35 GHz only. In this paper we present Also, the SAR was not calibrated in an abbolute sense,
results only from VV polarization, as it was the only polar- which leads to difficulty in attempting to compare backscat-
ization for which a complete set of measurements was ter values for particular ice types between different SAR
obtained. Where other polarizations were available, corre- flights.
sponding values for HH polarization were usually found to
be about 2-4 dB lower, while cross polarization was typi-
cally 20-30 dB lower. Data were collected at fixed angles as Nilas, April 8, 1987
the ship transited the ice, while angular response measure- Figure 3 contains composite results of the nilas investiga-
ments were made at selected stationary sites. tion site. The photograph (Figure 3a) shows the vast expanse

We use the conventional definition of radar scattering (-5-10 kin) of 20- to 60-mm-thick nilas ice that was exam- I
coefficient (al,) as the average scattering cross section per ined. Small ice sheet overthrusts ranging from 15 to 20 mm

unit area. The subscripts denote the received and transmit- high occurred every 0.2 to 0.5 m. At this particular site. both
ted polarizations respectively, and 8. is given by the thermal growth and the subsequent rafting were responsible

following expression [Ulaby et al., 1982. equation 1.2] for increasing the ice thickness. Indeed, that case is sug-
0. P gested by the vertical thin section photograph of 30-mm-

airRPIAP, (3 thick nilas shown (Figure 3b). which shows a mixed struc-

where R is the range to the target, P , is the total power ture of granular and small columnar crystals, generally a 3
scattered at V polarization by an equivalent isotropic scat- type of structure that precedes purely congelation ice

I
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Fig. I. Sampling sites in the Fram Strait with approximate location of the ice edge on March 27. April I and April
5. 1987. Sites are designated by ice type for first-year (F). nilas (N), pancake (P), multiyear (M). and flooded multiyear
(MF). Box indicates approximate area covered by SAR image shown in Figure 2.

growth. The structural discontinuity in the middle of the rapidly with increasing nadir angle from -5 dB at 200 to
sample is attributed to rafting of one sheet upon another. The between - 15 and - 17 dB at 500 at both K0 and K bands.
high salinities, ranging from 14.3 to 16.2%o. were a result of
rapid freezing and hence brine retention within the granular Pancake Ice, March 29, 1987
ice structure. Density was also relatively high, about 0.92

Mg m-3. indicating minimal entrapment of air in the ice. Pancakes existed in both loosely aggregated and closely
The emissivity spectra for this case (Figure 3c) represent packed forms at this site (Figure 4a). The individual pan-

averages over a distance of several hundred meters and cakes ranged in size from 0.3 to over 1.5 m in diameter and
show a strong increase from 10 to 90 GHz at both vertical 50 to 130 mm in thickness. The raised edges or Aims, which
and horizontal polarizations. Also shown for reference are ranged in height from 10 to 50 mm above the relatively flat
the spectra measured for open water. The error bars repre- surface, resulted from collisions between individual pan-
sent standard deviations, or uncertainty in the measure- cakes and from the freezing of seawater and frazil which
ments. The spectra are intermediate between that of open splashed onto the edges of the pancakes. As the thin section
water and that of thick first-year ice. This probably results in Figure 4b indicates, the structure of this ice is very similar
from a combination of two effects. The real part of the to that of the previously described nilas. Specifically, the
dielectric constant of brine decreases with increasing fre- texture appears to consist of closely packed platey-type

quency, giving the lowest ice-air surface reflectivity at 90 crystals. This type of structure has been observed in young
GHz. According to Table I. where optical thicknesses have ice forming in a disturbed water column [Eicken and Lange,
been estimated for first-year ice types, at lower frequencies 1989). This is certainly reasonable in this case because
the ice is not optically thick, so the underlying water pancake formation itself is indicative of growth in a dis-
significantly increases the net reflectivity at 10 and 18 GHz. turbed or wind-whipped sea. Salinity of the pancakes ranged
The difference in slopes between V and H polarization is from 9 to 12%o, somewhat less than that of the nilas.
most likely due to the presence of small-scale surface However, bulk ice density was the same as the nilas, 0.92
roughness elements on a size scale which would scatter Mg m -3.

weakly at 37 GHz but significantly more at 90 GHz. The emissivity spectra for pancake ice (Figure 4c) are
Backscatter coefficients for nilas (Figure 3d) are the small- again spatial averages and represent a composite of the

est of all the ice types investigated in this study. The oa0 pancakes and the open water surrounding them. In accor-
values presented here, however, are up to 30 dB higher for dance with Table I, the ice is optically thick at all frequen-
K, band over incidence angles of 300 to 500 than results of cies except 10 GHz, which results in a higher. flatter
Onrf-'t and Shuchman [19881 for undisturbed nilas. The spectrum than for nilas. The rather high degr , of polariza-
increase shown here is probably due to the backscatter from tion (defined as fe ,(V, 0) - e,(H. 0)1/[e,(V, 0) + e,(H, 0)]) is
the numerous exposed edges created by overthrusting. and probably due to the contribution of the open water but may
possibly, the higher surface dielectric due to flooding with also be indicative of a smooth ice surface.
seawater. The scattering coefficients for nilas decreased Backscatter coefficients for the pancake ice are quite

I
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TABLE 1. Optical Depths as a Function of Frequency for Thin The backscatter coefficients (Figure 5d) are indicative of

Ice Types first-year ice having a surface roughness of the order of a few

Depth millimeters (Kim et al., 1985; Onstott et al., 1979]. This small
roughness was not detected by our properties measure-10 GHz 18.7 GHz 37 GHz 90 GHz ments, however. The backscatter coefficients at K. and Ka

30-mm nilas 1.2 3.4 6 12 band are 10 and 18 dB greater, respectively, at 250 than those

50-mm pancakes 2 5.7 10 20 for pancake ice, and o,0 decreases almost linearly with
1-m first-year ice 40 114 200 400 frequency. Sigma values at all frequencies decrease more

slowly with increasing nadir angle than for either pancakes
Uncertainty in optical thicknesses is estimated to be 50%, depend- or nilas.

ing on fluctuations in brine volume. Optical depths r are estimated I
from the results of Grenfell [19861 and Grenfell and Comiso [19861.
Estimates for the 1-in ice assume salinities consistent with thinner Multiyear Ice, April 3, 1987
ice; thus optical depths may be slightly high. Ice is referred to as
being optically thick if 7 exceeds 4, for which 98.2% of the incident This site was located on a 100 x 200 m floe embedded in
radiation on the layer would be absorbed. a loosely concentrated field of similar sized floes (Figure 6a).

The floe had a hummocky surface with general relief of about

variable owing to differences in the heights of the rims 0.5 m and also featured a 4-m-high ridge on one side (not

surrounding the pans. Results for two cases at the pancake shown in the photograph of Figure 6a). It appeared that the

ice site are shown in Figure 4d. The solid lines are for the floe contained a substantial amount of deformed ice. This

predominant pancake type ice, and the crosses are from an was verified by three thickness measurements which ranged

area of thicker and rougher pancake ice. For the case from 3.01 In at the coring location near the center of the floe

represented by the solid curves, the pan rims were rather to 4.46 m on the flank of the ridge. A thorough snow survey

small, and or° values at K and Ka bands are only slightly revealed a rather thick layer with depths ranging from 0.14 to
above the values for nilas. The angular dependence was also 1.20 m, about a mean of 0.40 m. The snowpack consisted of

similar, including the crossover at nadir angles of 20* to 25o. a 60-mm surface layer of I- to 2-mm-long delicate needles
Scattering a X band, however, was from 7 to 15 dB greater with a density of 0.09 Mg m-3. The surface layer was

than that at K, and K, bands. For the rougher pancakes, the underlain by a layer varying in thickness containing 0.3- to
'
° at 400 was enhanced by about 17 dB at Ka band, and the 0.5-mm-diameter rounded grains with density of 0.31 M!,

difference between Ka and K increased to about 8 dB. m 3 . The crystal structure of the underlying ice (Figure 6b)
was primarily columnar, with only a 0.20-m-thick layer of
granular ice at the surface and a mixed congelation and

First- Year ice, April 6, 1987 granular ice layer from 1.0 to 1.2 In below the surface. There

This site was located on a 100-m-diameter floe contained was, however, a significant amount of inclined columnar ice I
within a several-kilometer expanse of thin first-year ice in this core, indicating previous deformation or ridging.
(Figure 5a). The ice at the coring site measured 0.36 In thick During normal undisturbed ice growth, columnar crystals
and was overlain by 100 mm of snow. The snow had a are oriented vertically; thus the occurrence of inclined
density of 0.09 Mg In - 3 and consisted of 0.25- to 1.00-mm crystals in a vertically drilled core usually implies the
needle and stellar crystals. This area was free of major presence of tilted ice blocks. The salinity of this floe was
ridges. although many small cracks and some rafting were quite low. being typical or multiyear ice, with a bulk salinity
evident once the snow cover was removed. The ice surface of 2.976. Discontinuities in the salinity profile may corre-
consisted of raised edges 10 to 100 mm high, occurring every spond either to structural breaks or to annual transitions. It
5 to 10 In. The crystalline texture (Figure 5b) through the is logical for salinity discontinuities to appear in deformed
entire ice thickness consisted of fine-grained columnar ice (ridged) ice because normal vertical drainage patterns are
crystals indicating that growth had occurred under relatively likely to be interrupted by the existence of an inclined I
calm conditions. The salinity of the ice ranged from 7 to block-granular ice structure. Also typical of multiyear ice is
9.8%o with a bulk salinity of 8.6%c. Bulk density of the ice the low-density ice constituting the upper layers. Such
was 0.92 Mg m -3. The combination of thin ice and the structure results from the desalination and thermal modifi-
insulating effect of the thick snow cover resulted in a cation of the upper layers during summer, leading to in-
relatively warm ice surface temperature of -3.5"C. creased porosities and, consequently, lowered densities in

The emissivities for this case (Figure 5c) are very close to near surface ice.
unity, the spectra are quite flat, and the difference between The present measurements represent our first surface-
vertical and horizontal polarizations is small, consistent with based radiometric observations over winter multiyear ice.
a variety of observations made to date from the surface, For this case, several spectra were obtained (Figure 6c).
aircraft, and satellites [Grenfell, 1986; Cavalieri et al., They show a pronounced negative spectral gradient (de (p,
1984a, bl. The ice was optically thick (Table 1). implying that 0)/dv) considered characteristic on the basis of previous U
emission was primarily from the surface. The smaller differ- aircraft and satellite observations [Cavalieri et al., 1984b;

ence between e.(V. 50) and e,(H, 50) as compared with Troy et al., 19811. This might be due to strong volume
younger ice types was probably a result of influences of the scattering in the low-loss, desalinated, near-surface layers.
snow layer and lower salinity. This may also account for the The light solid and dashed spectra were obtained from
slight decrease at 90 GHz. The spectra of thick first-year ice different locations on this floe. The increase in emissivity
seem to be rather insensitive to ice conditions and have been between 37 and 90 GHz is unexpected and results from the
used as a benchmark point for almost all sea ice work to very thick snow layer which is not transparent at 90 GHz.
date. Variations at 90 GHz over snow covered ice will, in general.

I
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be sensitive to snow grain size and density. The dark solid The flooding of snow-covered multiyear ice by seawater
curve, obtained from a hummock on a different floe, shows has a dramatic effect on the backscattering properties. The
a weak negative spectral gradient. flooded multiyear ice has a signature similar to that of typical i

Multiyear ice produced the strongest backscatter (Figure first-year ice. As can be seen by comparing Figure 7d with
6d) of the ice types considered in this investigation. This is Figure 6d, the dry multiyear ice, the o0 values are reduced
consistent with observations made under cold conditions in by 4 and 10 dB at 35 and 18 GHz, respectively, for the
other geographic areas [Onstott et al., 1982]. The angular flooded floe. The difference in reduction suggests that the
response of the radar scattering coefficients at frequencies snow layer contributes significantly to the backscattering at

from 1.5 to 35 GHz is smooth, the scattering increases 35 GHz.
uniformly with frequency, and the curves are evenly spaced
with respect to each other. In fact, the backscatter intensity DISCUSSION

(calculated as 10 10dBY
10 1) is proportional to the square of the

frequency. Such a uniform increase suggests that the back- The greatest difference between first-year and multiyear
scatter originates from the same roughness elements and ice backscatter levels is produced at a frequency of 18 GHz; I
internal inhomogeneities (e.g., air bubbles). however, the differences in emissivity are greatest at 37

GHz. Although this difference may be attributed to the
Flooded Multiyear Ice. April 7, 1987 possibility that the active and passive sensors were focused

The photograph in Figure 7a shows the 50 x 70 m on slightly different areas of the same floe, it may also be due I
multiyear floe on which flooding of the surface by seawater to cracks or other surface inhomogeneities in the first-year
significantly altered the physical and microwave properties. ice, which produce enhanced backscattering at 37 GHz but
This floe was covered by snow averaging 0.84 m thick, one which have little effect on the integrated scattering. The
of the thickest snow covers observed on the experiment. The smooth increase in scattering with frequency for multiyear i
snowpack consisted of three distinct layers. The top layer ice appears to be consistent with the emissivity spectra.
was 0.08 m of new snow composed of 1.0- to 1.5-mm stellar The radar contrast between multiyear and rough first-year
dendrites of density 0.07 Mg m- 3. At the bottom was a ice is least in the angular region near 250. For frequencies
0. 14-m layer of 0.31 Mg m -3 density depth hoar consisting of between 5 and 35 GHz. the contrast ranges between 2.5 and
3- to 4-mm scrolls. The remainder of the snowpack was 0.40 7.5 dB. At 1.5 GHz, these ice types show similar backscatter
Mg m- 3 density, 0.2- to 0.5-mm rounded grains. Ice thick- levels, with the first-year ice returns higher by I to 2 dB. This
ness at the coring location was 4.10 m. Surface topography may have been the result of greater surface roughness on the I
was consistently low, with generally less than 0.3 In relief. 0.10- to 0.30-m scale for the first-year ice.

Ice structure, as shown in Figure 7b, was a mixture of The changes between multiyear and flooded multiyear in
columnar, inclined columnar and granular. Granular ice the emissivity spectra and the backscattering appear consis-
made up 32% of the entire core. The presence of inclined tent. At K a band the backscatter at large nadir angles was I
columnar ice in conjunction with granular ice in the struc- reduced significantly on the flooded multiyear, while the
tural profile implies that this ice had undergone deformation emissivity increased measurably. At 18 GHz, however, the
at some point during evolution [Tucker et al., 1987]. reduction in backscatter was larger than that at 35 GHz, yet

The most unusual feature of this multiyear floe was the no effect was measurable in e (V, 50). This seems consistent
very high salinity values in the upper 0.4 m. Salinities of 6 to with the notion that the snow-ice interface was very strongly
10%v are normally associated with first-year ice. We attribute absorbing and that the snow cover was almost transparent at
high salinities in this instance to flooding of the surface by 18 GHz but much less so at 37 GHz. I
seawater which seeped into and became trapped in the Within the present levels of accuracy, the emissivity

porous upper layers. The flooding likely resulted from de- spectra found in the Greenland Sea MIZ for the younger ice
pression of the floe by the excessive snow load and associ- types are at least qualitatively consistent with corresponding
ated wave action. This situation was supported by the observations in other locations at similar times of year. We
observation that at the time of coring there was less than 10 do not know if this is true for winter multiyear ice. however,
mm of freeboard in the core hole. Once again the low density because we have no previous data for comparison. Both the
of the ice near the surface, so typical of multiyear floes, was present observations and aircraft data [Troy et al., 1981]
evident here. The depressed freeboard and possibly the show that the multiyear spectra are quite variable, even on a
intrusion of seawater appear to have warmed the ice. The single floe (Figure 6c). Although the multiyear ice in the MIZ
lowest temperature was slightly below -5*C, whereas for is structurally similar to multiyear ice in the eastern Arctic,
the dry multiyear floe, described earlier, the minimum ice the increase in snow cover modifies the microwave signa- I
temperature was about - 120C. tures directly because it represents a significant extra scat-

Representative emissivity spectra for two flooded multi- tering layer whose structural properties can evolve rapidly
year ice sites are shown in Figure 7c. These are essentially during warming events. A thick snow cover also has an
indistinguishable from that of first-year ice. This results from indirect effect in that it provides enough additional mass to
the modified high salinity layer at the base of the snow and in make surface flooding relatively common in the presence of
the upper 0.4 In of the ice. The two pairs of curves show ocean swell.
results from sites with differing snow characteristics: the We are interested in assessing which of the physical
curves from the April 7 floe (Figure 7c, floe 7-1) described properties besides snow cover that were measured signifi-
here had thicker snow. The values at 90 GHz are controlled cantly affect the microwave properties. There are, of course.
by the characteristics of the overlying snow layer. Conse- extremely important properties that were beyond the scope
quently, for the thicker snow, they are the same as for the of our measurement program. As was previously inferred. I
case of dry multiyear ice. surface roughness is very important. Also, the distribution of

____ ____ ____ ___!
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TABLE 2. Summary of Basic Ice Properties for Each Ice Type With Passive Microwave Polarization and Gradient Ratios and Active

Microwave Gradient'Ratios

FloodedI
Nilas Pancake First-Year Multiyear Multiyear

Date April 8 March 29 April 6 April 3 April 7
Latitude (North) 76°15.0' 7850.3' 76°44.8' 77036.9 '  76°49.5 °  I
Longitude (West) 6*03.0' 139.8' 6°16.8 '  4054.8 '  4°44.2 '

Physical properties
Snow depth, m 0.00 0.00 0.10 0.40 0.84
Ice thickness, m 0.03 0.05 0.36 3.01 4.10
Density (top 0.1 m). Mg m- 3  0.92 0.92 0.92 0.79 0.84 IBulk salinity, %c 15.30 10.50 8.60 2.76 3.21
Percent granular 100 100 0 2 32
Percent columnar 0 0 100 62 62
Percent inclined 0 0 0 30 6

Passive microwave
PR (18 GHz) 0.220 0.092 0.044 0.041 0.032
GR (37, 18 GHz) 0.074 0.024 0.010 -0.055 0.008

Active microwave
GR (Ku, K,) -0.280 -0.115 -0.753 -0.383 -0.798

liquid and vapor within the ice determines the degree of the size distribution of scattering inhomogeneities either in 3
volume scattering [Tsang and Kong, 1981; Stogryn. 1985, the ice or on the surface. Thus we feel that GR(K,,, K0 )
1987]. Clearly, the dielectric properties of sea ice play a large should be useful for improving the capability of distinguish-
role in determining the microwave signatures. Since the bulk ing ice types when appropriate instrumentation becomes
dielectric constants of sea ice and snow are strongly modu- available.
lated by the amount and distribution of liquid (both brine and In Table 2. PR(18) shows a steady decrease with ice age

fresh water), the salinity and temperature of the ice are of from initial formation through thick first-year ice, while the
primary importance. Therefore it is meaningful to compare differences between first-year. dry multiyear, and flooded
the microwave signatures with the first-order properties of multiyear are small. GR(37. 18) decreases consistently with I
the ice that were measured. the age of the ice with exception of the flooded multiyear ice,

In Table 2 we present a synopsis of the important physical whose value is very nearly that of first-year ice.
data that were documented in this investigation. The table The large negative values of the radar gradient ratio. I
also contains ratios which are useful in summarizing impor- GR(KU, K.), are anticipated because radar scattering cross
tant results of the microwave signatures. For the microwave sections typically increase with increasing frequency: both
radiometry we show the gradient ratio GR and the polariza- theory and observations support this trend. The differences
tion ratio PR used in the scanning multichannel microwave between nilas and pancake cases are nearly indistinguish-
radiometer (SMMR) "'team algorithm" for the determination able. The raised edges of the pancakes and overthrust edges

of concentration and the identification of first-year/multiyear of nilas were large relative to the K. and K. band wave-
ice type distribution [Cavalieri et al., 1984b]. These ratios lengths (about 17 and 8.7 mm. respectively), and they appear
are given by to have produced similar backscatter intensities. With its

eig(V, 50) - els(H, 50) very large negative value. first-year ice is quite distinct from
PR(18) = (4) dry multiyear or the new ice types. It is important to note

eig(V, 50) + eis(H. 50) that the gradient ratios for first-year and flooded multiyear

18) = e37(V 50) - es(V, 50) are similar, which implies that even this active microwave
GR(37, e(V, 50) + e(V, (5) ratio is masked by flooding.

Table 2 also indicates that the passive microwave gradient

Similarly, a gradient ratio has been calculated for the radar ratios can be related to the age of the ice. The passive ratios
backscatter for K. and K, bands (18 and 35 GHz) at a nadir also appear to correlate well with the salinity, generally
angle of 400 from the following definition: decreasing when the salinity decreases, thus reinforcing the

relationship to the age of the ice. While a relationship
l(aK.) - J(aOK.) between ice age or salinity and the radar gradient ratio is not

GR (K,. K,) = I(OK.) + 1(uOK0 ) (6) apparent, there are distinct differences between thick first-
year. multiyear. and young ice types. In the case of the

where 1(,u) are the backscattered intensities determined flooded multiyear, the increased brine volume in upper I
from the transformation I = 1010dBYl° 1. The order of the layers resets the salinity to be practically the same as that of

frequencies has also been reversed from those in the passive first-year ice, and the observed microwave signatures are
gradient ratio (equation (5)). In this manner, the radar consistent with this "effective" age.
gradient ratio varies in the same sense as the passive; that is. Contrasts between emissivity and backscatter cross sec-
greater scattering at higher frequency gives a more negative lions at Ka band are shown in Figure 8. Similar behavior was
value of GR. While this parameter may not be useful for the observed at 18 GHz. The points are ordered by increasing 0,0

first generation of single-frequency radar satellites, it is and range from open water through dry multiyear ice. The I
introduced here because it very likely provides a measure of points for open water were taken from Grenfell and Comiso

I
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Fig. 8. Emissivity at 37 GHz versus radar backscatter at Ka band for open water, nilas, pancake, first-year, two
flooded multiyear, and two multiyear sites.

(1986] and from Onstott and Shuchman [1988]. There appear scatter at a single frequency (Figure 8) to distinguish be-
to be two correlation regimes. The first covers the thin ice tween ice types is superior to using either separately, results
types through first-year ice where both e, and o° increase are less than satisfactory. The ice type separation shown in
together, and the second includes the first-year and multi- Figure 8 is apparently similar to radiometric cluster plots
year cases for which e, decreases with further increase in [e.g., Cavalieri et al., 1984b]. More information appears to
ao . In the first regime we believe that the emissivity is be provided if we include the polarization and gradient ratio
increasing because of decreasing reftectivity as the ice values from Table 2. Two likely representations ..,e shown in
thickens while scattering increases owing to the develop- Figures 9 and 10, where we have plotted the pas ive gradient
ment of surface roughness. In the second regime it is our and polarization ratios, respectively, against the active gra-
opinion that scattering becomes dominant and emissivity dient ratio.
decreases as scattering increases. First-year and flooded In Figure 9, the active gradient ratio separates open water
Piultiyear ice are located at the apex where scattering begins from nilas and pancakes from first-year ice. showing that
To contribute significantly to the emissivity. these pairs which are unresolved by GR(37, 18), have very

Although using the combination of emissivity and back- different scattering characteristics. The passive gradient
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Fig. 9. Passive gradient ratio. GR(37, 18), versus active gradient Fig. 10. Passive polarization ratio. PR(18), versus active gradient
ratio, GR(K., Ka), for the different ice types. ratio, GR(K., K.), for the different ice types.
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ratio clearly separates the dry multiyear ice from the other tion.of active and passive microwave signatures. The sepa-
categories and the pancakes from the nilas. Neither measure ration becomes even more distinct if gradient and polariza-
is adequate for distinguishing the first-year from the flooded tion ratios for emissivity are contrasted to a gradient ratio I
multiyear ice, however. The polarization ratio, shown in calculated for the active microwave backscatter. Using this

Figure 10, provides three resolved groups: (I) open water method, all ice types examined in this study were separable
and nilas, (2) pancakes, and (3) the first-year and multiyear except first-year and flooded multiyear.
ice types. Combined with GR(K,, K,), all ice types except Although we have presented only a few cases, they are
the first-year and flooded multiyear are separable. generally representative of the ice types found in the Green-

It appears that similar information can be obtained from land Sea marginal ice zone. Further study will be necessary
either of the two representations (Figures 9 and 10). In both to determine uncertainties in the signatures and to fully
cases the ability to distinguish between ice types is improved understand the relationships between the microwave signa-
over the combination of emissivity and backscatter at a tures and more detailed ice properties.
single frequency (Figure 8). The information contained in
Figures 9 and 10 appears to have at least one additional Acknowledgments. This work was made possible by funding I
degree of freedom. from the Arctic Program, Office of Naval Research, and from the

Oceanic Processes Branch, National Aeronautics and Space Admin-
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Remote sensing employs the logic of inference to determine how much of
what is where from measurements of force fields at locations removed
from the materials of interest. Theforcefield then forms the communica-
tion link between the material of interest and the remotely located sensor.

j I. Introduction

Remote sensing as defined in this chapter refers to the use of active and
passive visible, infrared, and microwave techniques to obtain information
about the polar oceans without direct in situ measurements. Remote sensing
can be performed using instruments mounted on ground-based towers,
sleds, ships, helicopters, aircraft, and satellites utilizing essentiallyall regions
of the electromagnetic spectrum. From satellite platforms, it offers the po-
tential to study the relatively inaccessible polar regions synoptically using
timely sampling intervals.

Polar oceanography includes the study of sea ice as well as ice-free ocean
areas. The emphasis in this chapter will be on remote sensing of sea ice rather

Polar Oceanograph'. Part A: Ph vsical Sieye
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than the liquid ocean, for the remote sensing of the latter is well covered in
two books (Stewart, 1985; Apel, 1987). Although visible, infrared, and mi-

crowave sensors will be discussed, microwave sensors, with their ability to
penetrate clouds, rain, and snow and operate independently of solar illumi-
nation conditions, will be highlighted. I

In this chapter, we first present some basic remote sensing concepts and
introduce sea ice and ocean characteristics obtainable frc.-n analysis of data
from various remote sensing instruments. The basic concepts are followed
by a section dealing with the interaction of electromagnetic energy with
various sea ice types, including the effects of snow cover. Following this is a
section that illustrates through example that satellite, aircraft, and ground-
based remote sensing instruments provide polar oceanographic informa- I
tion. The examples presented are primarily from the Arctic; however, the
techniques discussed are equally applicable to the Antarctic region. Included
with the examples are discussions of the algorithms utilized to extract the I
desired geophysical information from the satellite data.

I
II. Remote Sensing Basics

Active and passive remote sensors operating in the visible, infrared, and 3
microwave regions of the electromagnetic spectrum have been used to pro-
vide information pertaining to the polar seas. Active remote sensors such as
lasers and radars provide their own source of electromagnetic illumination.
The instruments include altimeters, scatterometers, real aperture radars
(RARs). and synthetic dperture radars (SARs). Their advantages include
operation independent of solar illumination and the optimization of sensor
geometry. A disadvantage of active sensors is the power required to operate
them.

Passive remote sensors such as radiometers utilize either energy that is
emitted from the ocean or sea ice or energy that originates in space and is U
reflected off the ocean or ice surface. Multispectral scanners (MSSs) such as
those on Landsat and Spot satellites, infrared radiometers (PRT-5). and
microwave radiometers are all passive instruments. These instruments, with
the exception of the infrared and microwave radiometers, are dependent on
solar illumination. However, they have lower power requirements than their
active counterparts.

Figure 1 presents the electromagnetic spectrum from the visible through
the microwave region, as well as the regions in which the various optical,
infrared, millimeter, and microwave sensors operate. Most optical sensors

I
I
I
I
I
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Figure 3.1 Electromagnetic spectrum from the visible through the microwave region. Wave-
lengths in which various optical and microwave sensors operate are indicated.

take advantage of atmospheric transmission windows, whereas at 10 mm
and longer wavelengths the microwave remote sensors are generally unaf-
fected by the atmosphere, rain, or snow.

The resolution (i.e., ability to resolve radiation from two distinct locations
on the ground) of a remote sensor is a function ofthe wavelength utilized, the
aperture of the antenna, and the distance to the objects being imaged. In the
millimeter and microwave regions of the electromagnetic spectrum the reso-
lution (p) of a real aperture system is

p = (A/D)R (3.1)

where D is the antenna dimension, A the wavelength, and R the distance to
the object. Equation (3.1) reveals that real aperture antennas in space pro-
duce very large footprints in resolution cells unless very high frequencies or

I
I
I
I
I
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large antennas are employed. For example, for a typical satellite radiometer
with a 3-m-long antenna operating at 1.25 GHz and a range of 850 km, the
ground resolution would be approximately 68 kin.

A special class of radars termed SAR utilize the motion of the sensor to
synthesize a long "antenna," and the resolution obtainable is dramatically I
improved. SARs have the ability to produce resolutions equal to half the
antenna length and thus are powerful tools for the range of polar problems
where environmental changes on small scales must be monitored. A com-
plete explanation of the calculation of resolution for RAR and SAR systems
can be found in Ulaby el al. (1981, 1982).

The resolution of optical sensors, which is referred to as the instantaneous
field of view (IFOV), is also a function of wavelength, aperture (in this case
the size of the optical lens utilized), and distance to the object. Typical optical
or infrared sensors (0.4- 14 pm) such as Landsat, Spot, NOAA 9/10, and
DMSP operating in a midaltitude orbit in space (850 kin) achieve resolu- I
tions of 10 m to 1 km, depending on the size of the aperture.

A number of sea ice and ocean parameters and features are of interest to
polar scientists. These include sea ice extent, ice concentration, ice type, ice
thickness, ice kinematics, floe size distribution, detection of ocean swell and
gravity wave propagation into the ice pack, locations of leads and polynyas,
sea surface temperature, detection of fronts and eddies, determination of
wind speed, indication of phytoplankton biomass, and mapping of internal I
waves. Table 3.1 is a summary of remote sensors that can be mounted in
spaceborne systems to observe the geophysical parameters. For each param-
eter, a definition is presented along with comments. To bound the problem,
the table is constrained to spaceborne systems. Table 3.2 provides specific
details on existing and soon to be launched satellites that can provide the
information identified in Table 3.1.

it is difficult to select optimum remote sensing instrumentation for polar I
oceanography. One must consider sensors on the basis of resolution (both
spatial and spectral) and coverage (i.e.. swath width) and at the same time not
ignore the fact that the polar oceans are often cloud covered and, even if not I
cloud covered, are dark at least half the year. As a result, active and passive
microwave sensors are potentially the most useful remote sensing instru-
mentation for most applications in polar oceanography, particularly if peri-
odic temporal sampling is required.

A notable exception to the use of microwave remote sensing systems for
polar oceanography is in the area of biological investigations. At present,
visible and infrared passive sensrs are used to provide information on I
chlorophyll distributions and location of upwellings. eddies, and fronts, due
to their thermal characteristics.
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III. Theory of Active and Passive Microwave Imaging
of Sea Ice

Sea ice type or thickness and age are extremely important parameters to
measure and study in the polar oceans. Ice strength is dependent on age and
thickness, and the distribution of ice thickness is important in climatic
studies. Figure 3.2 is a conceptual illustration of the active microwave return
from multiyear and first-year sea ice and open water without wind. Mul- I
tiyear ice (i.e., ice that has survived a summer melt) can be distinguished
from first-year ice by its greater thickness (> 2 m versus < 2.5 m), its lower
salinity (< 2.5%v versus > 7.7%), and thicker snow cover (> 0.2 m versus
< 0.2 in). The return from multiyear ice is a function of surface and volume
scattering, since the low salinity allows penetration into the ice sheets,
whereas backscatter from snow-free first-year ice and ocean is dominated by
scattering from the surface (i.e., both are high-loss materials).

In order to use satellite and aircraft data to estimate ice types and their
respective concentrations, algorithms for use with microwave data have
been developed and improved. Major advances have been made in estab- I
lishing sea ice type and concentration because microwaves penetrate clouds
and large areas can be covered repeatedly. Algorithms that differentiate
first-year and multiyear ice are not always accurate because radiometric
properties change when influenced by melting, wet snow, or water on the ice
surface.

Seasonal investigations in the Arctic during the fall freeze-up, late winter,
spring, and summer have been conducted to acquire empirical data to de-
scribe the microwave properties of sea ice. These data contribute to studies to
determine the ability of remote sensing to classify ice types and to character-

MULTIYEAR FIRST-YEAR _ OPEN WATER

LOW SALINITY. HIGH-SALINITY HIGH-LOSS
LOW-LOSS HIGH-LOSS

SURFACE- SURFACE'SNOW COVER SURFACE
VOLUME SCATTERING SCATTERING SCATTERING

- - I

RIDGE

Figure 3.2 Backscatter interactions for multiyear ice, first-year ice. and smooth open water.
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In interpreting active and passive microwave measurements, it is impor-
tant to recognize that radars typically measure the monostatic scattering
cross section. This is measured when the direction of incidence is exactly
opposite to the direction of scattering. To calculate emissivity, the descrip-
tion of the bistatic scattering cross section must be complete so that the
necessary integration can be performed over all angles.

The way in which sea ice forms, its history, and its age are important in
determining its active and passive microwave properties. When ice is young,
it may have a surface that is relatively smooth (i.e., formed during undis-
turbed growth in an open lead) or rough (with rims which are the remains of
the pancake ice forms agitated into shapes by wave action). This ice may also
exhibit a thin surface layer of brine which may reduce electromagnetic wave
propagation to depths of a few millimeters. With a high concentration of
brine within its structure, new ice near the freezing point is an extremely
lossy material; penetration of electromagnetic energy is limited.

With age, the volume of brine decreases due to salt migration (see Chapter
2). However, first-year ice remains very lossy. During summer the surviving
ice experiences melt processes which cause two significant modifications;
development of additional surface relief and reduction in the density of the
upper portion of the ice sheet. These two characteristics contribute to the
difference in the microwave signatures of first-year and multiyear ice. The
uppermost portion of the multiyear ice sheet closely governs its microwave
signature. It is composed of ice which is almost pure and has very low loss
(i.e., significant penetration of microwave energy). Different ice types are
more easily distinguished at higher frequencies, and open water is easily
distinguished from all sea ice types independent of frequency (Fig. 3.4).

Multiyear ice and first-year ice can be distinguished in the winter indepen-
dent of frequency (C, X, Ku bands; Fig. 3.4b). However, in the spring and
summer (Fig. 3.4c), discriminating first-year from multiyear ice becomes
difficult because of the free water in the snow and within the surface of the
ice. The free water prevents significant microwave penetration; thus, the
volume scattering which distinguishes the multiyear ice return is not present.
The only SAR satellite in space operated at L band. It proved to be poor at
differentiating the desired ice types. The next scheduled SAR satellite will be
launched in 1990 and will operate at C band (5.25 GHz, 6 cm).

The distance an electromagnetic wave travels through a medium before
its intensity is reduced by l/e is referred to as the penetration depth and is
used to gauge where in a volume scattering may occur. To make this calcula-
tion the complex dielectric constant e* must be known. It is defined by
E* = eo(E' - je", where E is the free-space dielectric constant, E' the relative
dielectric constant, and 4E"the relative imaginary dielectric constant. The
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value ofe* is dependent on the density of the ice, the volume ofthe brine, and
the dielectric properties of the ice and brine. The penetration depth 6 and loss
L are determined by the following:

and l ( 27] pre' (3.4)

and

L = 10 log ell' (dB/m) (3.5)

where Ao is the wavelength for free space. At microwave frequencies the
relative permeability p is approximately equal to 1. Measurements by Vant
et al. (1974, 1978) indicate that first-year ice with a salinity of 7-8 per mil at
a temperature of -5°C has a penetration depth of 2-4 cm and a loss of

about 150 dB/m at Xband (a wavelength of 3 cm). First-year ice also has few
internal scatterers, and these are small compared to a wavelength. In con-
trast, the upper portion of multiyear ice provides a penetration depth of
60 cm and a significant number of air bubbles with diameters of 1 -3 mm.
The physical models of first-year and multiyear sea ice which have been
useful in the development of theoretical penetration models are shown in
Fig. 3.5.

During winter, the microwave signatures of desalinated multiyear ice are
clearly different from those of the saline first-year ice. The situation in
summer is more complex; this is the time of desalination, of melting snow
and ice, and of melt pool formation. In addition, the microwave signatures
respond quickly to meteorologically induced melt-and-freeze cycles of the
upper surface.

In winter, as during most of the year, the dry snowpack and upper portion
of the ice sheet are at temperatures much less than 0°C Under the dry snow
on undulating multiyear ice are flat ice, ice mounds, and depressions filled
with frozen meltwater, all with different emissivities (Fig. 3.6). Open water
exhibits a large difference between emissivities at the two polarizations
(Brewster angle effects) and has an emissivity which increases with increas-
ing frequency. With the dielectric constant of sea ice (i.e., 3.7 -jO.3 for
first-year ice at 10 GHz, S = 7.5 per mil, and T = - 5 C) much lower than
that ofseawater (41 -j41 for lOGHz,S= 30permil,and T= O°C),thesea
ice has a lower reflectivity. The first-year ice signature is close to unity and is
almost independent of polarization and frequency. The multiyear ice signa-
ture is not similar to that of either calm water or first-year ice, decreases with
increasing frequency, and shows a moderate separation at the different po-
larizations throughout the entire range of frequencies.

I
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Figure 3.5 Simplified cross section of first-year and mUltiyear sea ice.I

The active microwave backscatter of first-year and multiyear ice increases
linearly with increasing frequency and the radar contrast between these two
ice types also improves with increasing frequency. Especially important in
the determination of ice concentration, the backscatter levels of water be-
tween floes in the ice pack is often considerably lower than those from the
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Figure 3.6 Microwave emissivity at 50" incidence ingle versus frequency for first-year ice
(solid line). multiyear ice (dashed line), and calm water. Triangles indicate theoretical emissivi-
ties of calm water. (a) Fall- winter conditions (NORSEX '79). (b) Summer conditions (MIZEX
'83). From Matzler et a/. (1984).

surrounding ice. This is equally true in winter and summer. Radar backscat-
ter cross sections at L, C, X, and K. bands (Figs. 3.7 and 3.8) illustrate the
contrast in ice type and water signatures as a function of frequency and
incidence angle.

When temperatures warm during late spring, the interior of the snowpack
becomes moist, and moisture from the humid snow layer may collect on the
cold ice surface and freeze. The superimposed ice which forms roughens the
ice -snow interface. The roughness of this layer increases during the early
melt process and eventually becomes the key contributor to the backscatte
signatures ofthin to medium first-year ice. By midsummer the snowpack has
experienced considerable melt. Accumulations of meltwater on multiyear
ice and thick first-year ice create slush layers, sometimes many centimeters
thick, and drainage of water into depressions contributes to the formation of
subsurface melt pools. After midsummer, open water melt pools become
common on thick ice; about 50-60% of the snow has melted. A snow - ice
crust is in place on elevated multiyear ice surfaces, on thick first-year ice, and
on multiyear ice. On thin first-year ice and medium first-year ice the snow-
pack may have eroded into a 2-cm-thick granular snow-ice layer, and
former melt pools may consist of collections of candled ice tips which rise
about 1 cm above the freeboard of the thin, saturated ice sheet. Cross-sec-
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tional views of first-year and multiyear sea ice are provided in Figs. 3.9 and
3.10 to help visualize the evolution of the ice sheet and snowpack during I
summer.

During the 2 months of summer the mean air temperature stabilizes near
0*C. During this period the microwave signatures of first-year and multiyear I
ice become very similar. The moist snowpack, warm ice sheet (surface tem-
peratures at about 0*C), and liquid water accumulating at the snow-ice
interface greatly limit the ability of microwave signatures to distinguish ice I
types. Snow-covered multiyear ice and first-year ice share a common emis-
sivity and are represented by an infinitely thick wet snow layer. An emissivity
of almost one is obtained at vertical polarization, showing the characteristics
of an ideal blackbody.

Radar backscatter during summer is more complex, and discrimination
between the major ice types appears possible. During the first part of sum-
mer, when the snowpack is moist and at its maximum annual thickness, I
backscatter signatures for thin and thick ice sheets are very similar if not
identical. By midsummer the signature of thin first-year ice is enhanced
because the snow layer has thinned to a point where scatter from the ice
surface contributes to its backscatter. The distribution of meltwater signa-
tures contributes to their character at this time and is of interest because
contrast reversals have been shown to occur between first-year and multiyear
ice. the two major summer ice types (Onstott et al., 1987) (Fig. 3.11). By mid-
to late summer, the backscatter from multiyear ice becomes greater than that
from first-year ice and the contrast between thin and thick ice increases with
decreasing frequency. This observation is explained by the fact that the U
multiyear ice is topographically rougher; has many tilted surfaces; and is
complex mixture of ice, snow, and water features which, in total, provide
strong surface scatter. The roughness elements on the new snow-free first-
year ice are reduced in amplitude because of the continuation of melt, and as
surfaces become smoother they produce a weaker backscatter.

Snow on ice plays a variety of roles. On cold multiyear ice, snow with
depths greater than 2 m has been shown to be essentially transparent at I
frequencies below 10 GHz; and on very smooth first-year ice, snow may
even dominate the microwave signature (Kim et al., 1985b). In the marginal
ice zone (MIZ) the snow thicknesses can become so great that the ice sheet is
pushed below sea level, floods with seawater, and acquires a first-year ice
signature. Arctic lows may also pass through a region during the spring, and
the upper portion of the snowpack may experience melt and refreeze. The
snow crystals may enlarge, and a multiyear-like signature may be provided at
the highest millimeter-wave frequencies. During early summer the snow
layer has a more dominant role. This is illustrated by the critical relationship
between frequency and the volumetric liquid water content in the snow and l

I
I
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Figure 3.11 Contrast history illustrating contrast reversals which have been shown to occur
between first-year and multiyear ice, the two major summer ice types. From Onstotn and
Gogineni (1985).

penetration depth (Fig. 3.12). The penetration depth is dramatically reduced
with even part of a percent of liquid water (a quantity so small that present
direct measurement methods provide this value with great difficulty). The
penetration depth is further reduced with increasing wetness or increasing
frequency. For example, in the Fra n Strait region during the summers of

e983 and 1984,t e ulte s the o mje snowpack was found to stay at about
5 or 6% (Onstott et aL, 1987). The penetration depth at a 30-cm wavelength
(note that cf, where c is the speed of light and f is frequency) is about
I m, buat a 6-cm wavelength it is only about 5 cm. Snow thickness prior to
melt was about 45 cm on thick ice. As summer progresses, the major role of
the snowpack is to provide free water, which accumulates in pools. Typi-

cally, there are alternating mounds and pools of ice and water. An important
change in the summer microwave signature occurs when the snow becomes
completely saturated with water, creating slush. At this point, the emissivity
approaches that of open water, and the backscatter signature is increased
beyond that of moist snow because of accompanying increases in surface
roughness rd dielectric constant.

The mean and standard deviation of the brightness temperature of sea ice
for a 300 X 300 km region in Frarn Strait are shown in Fig. 3.13. Measure-
ments were made at 37 GHz with horizontal polarization using the Nim-
bus-7 Scanning Multichannel Microwave Radiometer (SMMR) for alter-
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Figure 3.12 Penetration depth for snow with a density of 385 kg/cm' for frequencies between I
and 37 GHz. Calculations are based on experimental data acquired and results published by I
Matzler (1985). Hallikainen et aL (1984). and Tiuri et al. (1984).

nate days in a continuous time series record for 1984 (D. J. Cavalieri, un- I
published results). During the cold of winter, brightness temperature fluctu-
ations are small and variations arz due to changes in ice concentration and in
the temperature of the radiative portion of the ice sheets. During the spring m
warming, brightness temperatures respond accordingly. By late spring, Arc-
tic lows may cause free water to form in the upper portion of the snowpack,
inducing brightness temperatures which are almost summerlike. These then I
decrease below previous spring levels because of increased scattering losses
due to enlarged ice crystals in the snowpack. Increases in scattering cause a
reduction in the emission and an enhancement in backscatter. The onset of
summer, with temperatures stabilizing at about OC, is accompanied by a I
rapid transition to an emissivity that is almost blackbody-like. By midsum-
mer a significant portion of the snowpack has melted and open melt pools
are more numerous. During periods of h,-avy melt followed by "drying" I
(where the areal extent of surface meltwater is reduced due to draining
through cracks, thaw holes, and rotting ice), there may be rapid brightness
temperature oscillations. By the beginning of fall, the ice is well drained, a 3

I
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Figure 3.13 Time series of average Nimbus-7 horizontal polarization brightness temperatures
at 18 and 37 GHz for a 300 X 300 km region in the Greenland Sea near the MIZEX study area
during 1984. The short vertical lines represent I standard deviation (D. J. Cavalieri. unpub-
lished).

I rapid cooling proceeds, the ice concentration is at a yearly minimum, and
the brightness temperature is at its yearly minimum. Within a few weeks
brightness temperatures return to their winter levels.

Attempts have been made to explain theoretically the backscatter from
sea ice. Models, when successful, prove useful in interpreting the microwave
signatures of the many ice forms. Results have been used to refine and focus
the measurement of physical and electrical properties in sea ice investiga-
tions. A parametric study by Kim et al. (1984) allowed an examination of the
sensitivity of the microwave signature to changes in key ice sheet parameters,
including salinity, temperature, brine volume, density, air bubble size, and
surface roughness.

A first attempt to describe the radar backscatter for sea ice was made by
Parashar et al. (1978). Results were mixed, prompting support for a program
which included coincident backscatter measurements and physical property
characterizations. A qualitative description of the critical scattering pro-
cesses by Onstott et al. ( 1979, 1980, and 1982) was based on the results of a
series of field investigations. This description provided a basis from which

I
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theoretical formulations were selected for their application in des,-,ibing
backscatter from sea ice. The backscatter and characterization data acquired u
during these field investigations provided the necessary inputs for model
verification.

Backscatter levels for multiyear ice are large and decrease gradually with
increasing angle, which suggests that volume scattering is an important
contributor. Surface scattering is also expected to be important because
returns decrease too rapidly at large angles to be modeled by volume scatter-
ing alone. Calculations of the attenuation coefficient and penetration depths
for multiyear ice further support this hypothesis. The penetration depth for
multiyear ice at 10 GHz with a salinity of 0.5%c and T = -5 °C is approxi-
mately 60 cm. Ice sheet characterization data show significant numbers of
air bubbles (sizes of 1 -3 mm) in the upper portion of the ice sheet of a
diameter which is within an order of magnitude of the radar wavelength in
ice. These bubbles provide the critical source of scatter within the volume. 3
Another source of inhomogeneities is the brine pockets. They are very small
compared to a wavelength (about 0.025 mm in radius and 3 mm long) and
are not expected to enhance the backscatter.

It is also hypothesized that first-year ice is dominated by surface scatter, n
with only minor contributions arising from volume scatter. Backscatter data
show a rapidly decaying angular response at angles near vertical. Sea ice
surfaces are rough, with root-mean-square (rms) values ranging from 0.1 to g
1.0 cm. Large attenuation coefficients further strengthen this argument. The
scattering volume is small and, as ice characterization measurements show,
air bubbles are infrequent and brine inclusions are extremely small. There-
fore, surface scattering is the dominant backscatter mechanism.

These hypotheses provide the basis of theoretical and experimental stud-
ies of the radar backscatter from sea ice. Results of the application of a
combined rough-surface and volume scattering theory to sea ice and snow
backscatter were first presented by Fung and Eom (1982). A detailed discus-
sion of the physical and electrical properties of sea ice, the extension of the
model to include two ice layers, and a full discussion of the ability of a I
combined rough-surface and volume scattering theory to model sea ice were
later presented by Kim et al. (1984).

The surface of homogeneous first-year ice is flat topographically but
rough on the small scale. Formulations called the Kirchhoff approximations I
for rough-surface scattering were selected because of their apparent applica-
bility. These formulations are summarized and derived in Ulaby et al.
(1982). Predictions for slightly rough surfaces and very rough surfaces were
compared to measured microwave signatures of irst-year ice data for opera-
tion in the frequency range 1-18 GHz (Kim et al., 1985a). The study
showed that the physical optics model with an exponential correlation length

I
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to describe the surface roughness statistics provided a reasonable prediction
capability. The model includes a fast angular falloff in the small-incidence-
angle region and the almost linearly increasing frequency behavior for angles
off vertical. In addition, the frequency response was predicted using one set
of surface parameters for the frequency range. The expression for the back-
scatter cross section is

a (6) = 21R 2 cos 2 0 e-
&

X I (4k20r2 cos2 9)" k2(n/l)
R-1 n! [4k 2 sin 2  + n2/12]3a2  (3.6)

where p is the polarization, 0 the angle of incidence, R. the Fresnel reflection
coefficient, k the wave number in air, a the standard deviation of the surface
height, and I the surface correlation length derived from the normalized
autocorrelation function of the surface roughness profile. An average radius
ofcurvature of the surface which is less than the wavelength and an rms slopewhich is less than 0.25 are required to satisfy the model assumptions. The
role of the dielectric constant can be shown by assuming that the absolute
backscatter level is proportional to the square of the Fresnel reflection coeffi-
cient.

The passive microwave return from first-year and multiyear sea ice can
also be modeled. If a surface can be considered to be specular (i.e., theroughness elements are less than an eighth of the product of the wavelength
and the sine of the incidence angle), the emissivity can be expressed as

e(6) = I - IRP,(0) 2  (3.7)
where Rp is the Fresnel reflection coefficient. When the dielectric constant of
sea ice ranges between 3 and 4 and surfaces are slightly rough, which is true
for a wide range of first-year ice conditions, the expression above produces
reasonable estimates. This is, in large part, due to a reasonable insensitivity
to small roughness scales.

A key to the modeling of multiyear sea ice is determining how to account
for the scattering by the inhomogeneities (i.e., the air bubbles) inside the
upper portion of the ice sheet. This may be accomplished by a number of
techniques. Radiative transfer theory (Chandrasekhar, 1960) has been at-
tempted and predictions correlate well with measured data. This theory is
based on describing the propagation of energy through the medium. By
assuming that there is no correlation between the scattered fields, the prob-
lem is greatly simplified because intensities can be summed. Another advan-
tage is that multiple scatterings between particles are easily included.

The general theoretical solution may be simplified by neglecting
volume -surface interactions to a form that not only produces excellent
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agreement with measured data but also improves the understanding of the
importance of the surface scatter contribution, the dielectric constant, the
density of the ice, and the bubble size. The backscattering cross sections may
be described as

a*(O) = ,a(O) + T 2()a*(O') (3.8)

where a *(O) is the contribution due to surface scattering, T 2(0) a coefficient
which describes the transmission of power into the ice sheet, a*(O') the
backscattering coefficient due to volume scattering within the ice sheet, and
0' the angle of propagation in the ice sheet which results from refraction. If it
is further assumed that the air bubbles are spherical and of one size, the
volume scattering component is given by

awhr) = Nb o 0 L2 ,)] (3.9)

where Nis the number ofbubbles, ab is the cross section of a single particle, k,
is the volume extinction coefficient, L(O') = exp[k~d sec(O')], and d is the
depth of the low-density ice layer.
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Figure 3.14 Theoretical backscatter response as a function of frequency. Surface and volume
scattering contributions are shown separately for rough and smooth surfaces.
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The modeled backscatter crass sections show that the range of returns
produced by smooth and rough surfaces is quite large and independent of
frequency (Fig. 3.14). A rough surface also acts to reduce the effect of volume
scattering. At frequencies of about 5 GHz, volume and surface scattering
may contribute equally to the backscatter of multiyear ice. Below 5 GHz,
volume scattering decreases rapidly in importance as the frequency is re-
duced.

In modeling the emissivity of multiyear ice, two approaches have shown
promise. A radiative transfer theory, which is an extensicn of the work
described above, combines rough surface and volume scattering effects
(Fung and Eom, 1982). Another approach assumes that the snow and ice
sheet are a two-layer a rii3otropic random medium (Lee and Kong, 1985). In
this formulation, the a 'adic Green's function is obtained and then the first-
order backscattering coefficients are calculated using the Born approxima-
tion. In both techniques, the emissivity is calculated by determining the
difference between one and the total reflectivity, which consists of specular
reflectivity and the integral of the bistatic scattering coefficients over the
upper hemisphere. The emissivity of multiyear ice has yet to be reduced to a
simple expression.

IV. Visible and Infrared Sensors

During the past 10 years, satellites have been used to sense ocean color
remotely by measuring the spectral radiance backscattered from the ocean
and converting the values into pigment (chlorophyll a) concentrations using
previously validated algorithms (Gordon et al., 1983). Howe' er. the appli-
cation of the Coastal Zone Color Scanner (CZCS), Landsat and Spot to
polar regions has been slow for a number of reasons. There are many valida-
tion problems with these sensors at high solar angles, principally the correc-
tion for Rayleigh (air) and aerosol scattering of the atmosphere. Polar regions
also have more cloud cover than temperate or tropical regions. Because the
sensors are passive and cannot penetrate through clouds, the data are less
complete than those from other areas. Large solar ze:iith angles also reduce
the penetration of radiant energy and the absolute amount backscattered.
Finally, the presence of ice not only greatly complicates the direct observa-
tion of ocean color but also makes interpretation difficult due to the in-
creased amount of reflectance by ice, which obscures the small color signal
(Mueller, 1988). The CZCS sensor on board the Nimbus-7 satellite became
inoperable in 1986. A more advanced color scanner (SeaWIFS), which will
be )art of the continuing Landsat series, is to be launched in 1991.



152 Robert A. Shuchman and Robert G. Onstott

Despite the relatively short period of observation for the CZCS (1979-
1986) and the difficulties in collecting, processing, and interpreting any
images obtained from polar areas, a number of successful investigations of
large-scale ocean color in polar regions have been completed. Maynard and
Clark (1987) showed the large-scale distribution of pigments in the vicinity I
of the Yukon River plume in the Bering Sea and its relationship to a receding

ice edge, and Sullivan et al. (1988) used CZCS images in conjunction with
Advanced Very High Resolution Radiometer (AVHRR) data on ice con-
centrations to study the spatial extent and variations in phytoplankton
blooms in the southern oceans, particularly those associated with the MIZ. A
similar study using more advanced color algorithms was conducted by Co-
miso et al. (1990). These studies have provided large-scale coverage of ocean
color in regions which are generally inaccessible and have thus extended our
understanding of the magnitude of phytoplankton standing stocks in polar
regions. Single CZCS images have been used to validate more synoptic
trends found in ship-based sampling (Nelson et al., 1987: EI-Sayed, 1988).

Because the problem of clouds precludes study with satellite sensors in
many polar regions, color sensors have been mounted on airplanes and
helicopters which fly at variable altitudes. Although the area observed by I
aircraft-mounted sensors is much less than that observed by satellites, the
aircraft-mounted sensors have the distinct advantage of being more reliable
and hence are more applicable to mesoscale oceanographic studies such as 3
those at the ice edge. Such systems can be either active (for example, laser-in-
duced) or passive. Hoge et al. (1990) have shown the utility of the active lidar
system in waters of the Greenland Sea, and Aiken et al. (1988) have investi-
gated a region west of Svalbard using a passive system. However, the integra-
tion of aircraft-mounted color sensors into mesoscale oceanographic studies
remains to be completed.

V. Satellite, Aircraft, and Ground-Based Remote Sensing
Examples for Polar Oceanography

Sea ice is a vital, interactive component of the climate system, affecting and
reflecting global changes of the atmosphere and oceans. The presence of sea
ice restricts exchanges of heat, mass, momentum, and chemical constituents
such as carbon dioxide and other gases between the ocean and the atmo-
sphere, thereby reducing the amount of solar radiation absorbed at the
earth's surface. This affects oceanic and atmospheric circulation. Because I
sea ice forms a layer of insulation between the ocean and the atmosphere,
there is 5 to 20 times more heat flux from an open water area than from the
same area of solid pack ice.

I
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Since 1973, satellite passive-microwave data have provided excellent in-
formation on the large-scale oscillations of sea ice distribution in both the
Arctic and the Antarctic. This information serves as useful background for
both climate and mesoscale studies. The data obtained by the Electrically
Scanning Microwave Radiometer (ESMR) on the NOAA Nimbus-5 satellite
from 1973 to 1976 are presented in atlases of the Arctic and Antarctic by
Parkinson et al. (1987) and Zwally et al. (1983), respectively. The data series
was continued from 1978 to 1987 utilizing observations from the Nimbus-7
SMMR. Since 1987, the Special Sensor Microwave Imager (SSM/I) of the
Defense Meteorological Satellite Program (DMSP) has provided passive
microwave data as shown in Plate 1.

Plate 2 is plotted from data from the Nimbus-7 SMMR showing ice
concentration (i.e., water versus ice) for the Greenland Sea and part of the
North Atlantic as a function of season. The resolution of the SMMR data
varies from 18 to 95 km as a function of frequency. The ice derived products
which include total ice concentration and multiyear fraction are generally
plotted on a 25- 50-km grid. The algorithm for calculating the sea ice con-
centrations and type (multiyear fraction) from multispectral radiances ob-
tained from the SMMR is discussed in detail by Cavalieri et al. (1984) and
Gloersen and Cavalieri (1986). Briefly, the calculations utilize the vertically
(V) polarized radiances obtained at a wavelength of 0.8 cm and the horizon-
tally (H) and vertically polarized radiances at the 1.7 cm wavelength. Ratios
of radiance are used to remove the physical temperature of the earth's surface
to first order. To generate the concentration values shown in Plate 2, the H
and V radiances at 1.7 cm were selected to calculate one of the ratios men-
tioned above, the polarization ratio (PR), which is used in the calculation of
sea ice concentration (Cavalieri et al., 1984). This combination was chosen
because it resulted in the algorithm's being less sensitive to the combination
of different instrument drifts in the selected channels over the 9-year period.
The PR is used principally to distinguish between sea ice and open water
because it is relatively insensitive to sea ice type. Another radiance ratio, the
spectral gradient ratio (GR), is used to detect the ice type through the wave-
length-dependent scattering due to empty brine cells present in the freeboard
portion of multiyear ice and absent in first-year ice. The GR is calculated as
the ratio of the difference to the sum of the vertical polarizations at the 0.8-
and 1.7-cm wavelengths. Limiting the allowable range of GR is also impor-
tant in reducing the weather effects, which previously led to ambiguous
interpretation in the ice margins during storm passages (Gloersen and Cava-
lieri, 1986).

The accuracies of the calculations of sea ice area (i.e., ice concentration)
with the 1.7-cm PR have been estimated (Cavalieri et al., 1984) as about 5%
in the central pack and about 9% in the MIZ, where as much as 30% of the ice
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may be thin or new and without snowcover (two ice types not taken explic-
itly into account by the algorithm). The precision or repeatability of the ice
coverage calculations is probably better than the accuracy, i.e., closer to the
value expected on the basis of instrument noise and drift, 1 - 2% for a single
footprint. U

The annual and seasonal variations of the ice distribution of the northern

and southern hemispheres have been studied for a number of years with
these passive microwave sensors. For example, Gloersen and Campbell
(1988), using SMMR data, estimated that the total sea ice extent in the
northern hemisphere varies from a minimum of about 8 million km 2 in
September to a maximum of about 15 million km2 in March. Sutherland et
al. (1989) used SMMR data to observe rapid ice formation and ablation (i.e., I
200,000 km2 in 48 h) in the "Odden" area of the Greenland Sea. The rapid

oscillation of the Odden does not appear to be a result of wind-induced ice
drift but rather of the rapid formation of thin ice off the main ice edge.

Ice concentration maps produced from SMMR for the Weddell Sea are
shown in Plate 3. Color-coded images of ice concentrations derived from
SMMR on October 1, November 2, and December 2, 1983, are shown from
top to bottom in the figure. The set of images shows qualitatively and quanti- i
tatively the state of the ice cover from the time of near-maximum ice extent
through the austral spring. The trend of ice decay and the areas most vulnera-
ble to it during various time periods are also evident from the images. The I
concentration gradient at the MIZ is also observed to be variable, ranging
from tens of kilometers to several hundred kilometers (Sullivan et al., 1988).

Thus, one of the most important geophysical parameters that is measur-
able from space- and airborne sensors is ice concentration (Swift et al., 1985).
The determination of the mixture of ice and water (see Hollinger et al., 1984:
Svendsen et al., 1983; Comiso, 1983; Carsey, 1985), accomplished by ex-
ploiting the large difference in emissivity and/or backscatter intensity be- I
tween ice and water, was first demonstrated in the early 1970s, when in situ
observations at manned drifting stations and airborne sensor data were
correlated (Vant et al., 1978: Campbell et al., 1978; Gloersen et al., 1973).
The contrast in the emission for ice and water is unambiguous. In compari-
son, radar backscatter may have reduced contrast or even contrast reversals
when there are large areas of water (e.g., near the ice edge) and moderate
wind speeds, or with viewing angles from vertical to approximately 25°. I
Within the pack ice, contrasts between open water and sea ice for both active

and passive microwave sensors have been generally quite high (Grenfell and
Lohanick, 1985). I

Algorithms using active- and passive-miciowave data are very similar in
their nature. At present, algorithms are based on knowing the signature for
ice-free ocean and consolidated ice (both first-year and multiyear). Using the
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expected signals S for either brightness, temperature, or backscatter intensi-
ties of ice and water, ice concentration C is calculated on the basis of linear
interpolation as follows:

C = (S. - SJ/(S - S.) (3.10)

where S. is the observed signal, S,, the mean signal for ice-free water, and Si
the mean signal for consolidated sea ice. At present, algorithms using this
technique agree with aerial photography and passive microwave observa-
tions to within approximately 10% (Bums et al., 1987).

Satellite radar altimeters have been designed to provide very accurate
ocean height information. These data have a resolution on the order of 5 cm
and a spot size of approximately 10 km and have been used to provide geoid,
gravity wave height, currents, and ocean topography values (Cheney, 1982;
Fedor and Brown, 1982). In addition to wave height information (i.e., the
two-way time travel of the pulse), the amount of backscatter is analyzed to
yield wind information. More recently, Hawkins and Lybannon (1989) have
begun to use the U.S. Navy's radar altimeter on the Geosat satellite to
provide sea ice information. Potentially, a radar altimeter can provide infor-
mation about concentration, ice type, and roughness in addition to ice
extent.

The return pulse from the radar altimeter has significantly different
shapes for the sea ice and the open ocean. Ice, unlike water, tends to produce
specular reflection, so a much larger portion of the radiated energy at any
angle will reflect off the ice surface at an angle equal to the angle of incidence.
In general, the signal strength is much larger than that of the ocean and the
shape of the reflected pulse is also modified. Dwyer and Godin (1980), using
Seasat altimeter data, developed a semiempirical algorithm for satellite radar
altimeters that measures these differences. The algoiithm is

Ice index = [(100 + AGC)/(100 X AASG)] - 10 (3.11)

where AGC is the automatic gain control signal and AASG the average
altitude/specular gate.

The Geosat ice index is a number that ranges from 0.6 to 0.7 over water
and is greater than I over ice. Therefore, water-sea ice transitions are evi-
dent in the time history of the ice index. Figure 3.15 is a plot of ice index for
the Antarctic region with the Geosat satellite radar track as baselines (Haw-
kins and Lybannon, 1989). The orbital inclination of Geosat (72 *) limits the
coverage to 72° north and south.

In the past two decades, a series of large Arctic projects have yielded a
considerable understanding of the growth. motion, and decay of sea ice in
the interior of the Arctic Ocean (Pritchard, 1980). After the Arctic Ice Dy-
namics Joint Experiment (AIDJEX), attention shifted to the problem of
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understanding the processes which occur at the MIZ, the area where the
permanent ice pack meets the open ocean. By understanding the interaction
between the atmosphere, ocean, and sea ice, the advance and retreat of the
ice edge can be determined.

An important area for exchange of heat and mass between the Arctic
Ocean and the North Atlantic is the Fram Strait area of the Greenland Sea
(see Chapter 4). The Fram Strait area has been the site of three major
Marginal Ice Zone Experiments (MIZEXs) conducted in 1983, 1984, and
1987. The warm northward-flowing North Atlantic current, the cold south-
ward-flowing Arctic water, and the pack ice at the MIZ can be observed from
AVHRR visible and infrared satellite data at 2-km resolution (Plate 4).
Various eddies can also be observed along the ice edge.

Among the objectives of the MIZEX program were studies of the ice edge
position, ice kinematics, ice concentration, ice types, locations of eddies, ice
physics, ice thickness, ridges, ice floe distribution, leads, and polynyas. A
SAR system housed in a CV-580 aircraft was used to provide information
about the variables. In addition, the all-weather SAR was used in a real-time
mode to guide the research vessels into the eddy regions. For example, a
high-resolution SAR mosaic collected on July 5, 1984 (Fig. 3.16) clearly
shows the detailed surface structure of an elliptically shaped eddy (E 1) on the
scale of= 30 km. Because winds were light, the sea ice floe size distribution of
50- 500 m reflected the upper-ocean circulation. The orbital motion of the
eddy was cyclonic, while the spiral motion of ice toward the center indicated
an inward frictionally driven radial motion. The ice concentration was more
than 80% at the center of the eddy. This implied that there was convergence
and that ageostrophic effects are important and must be included in realistic
models of these eddies. A second eddy (E2) was seen south of E 1. Slicks and
bands of ice that indicated internal wave activity were also identified. The
area marked "band of 'dead' water" off the ice edge was a distinct meltwater
zone. A detailed interpretation of the SAR mosaic describes the location of
large individual floes and polynyas, ice concentration estimates, and ice edge
and floe size distributions (see Fig. 3.16). Fully automatic algorithms have
been developed which can produce sea ice type classification and concentra-
tion maps from SAP data (Wackerman et al., 1988). The sea ice type classifi-
cation algorithm L,:SC- local statistics to determine ice type boundaries, and
the ice concentration algorithm iteratively decomposes the histogram into
ice and water statistical values.

SAR images collected 6 days apart over the same area provide informa-
tion regarding the dynamic processes in the MIZ. Figure 3.17 shows the
analysis of two SAR images collected 6 days apart (June 30 and July 6, 1984)
and the transformation of a relatively north -south ice edge to a convoluted,
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meandering ice edge. These meanders result from the complex interactions
along the boundary between the rapid southward East Greenland Current,
warm northward-flowing Atlantic waters, and highly variable winds. Ice
edge meanders may play an important role in the generation of ice -ocean

eddies because they provide the initial perturbation in the Ekman transport I
field that eventually results in eddies.These edge features are composed of ice
floes ranging from 50 to 500 m in size, which are the result of gravity wave-
ice interaction and eddy-induced floe collisions that break up large floes.
Under moderate wind conditions, the ice in these meanders reflects the
ocean circulation because the individual ice floes act as Lagrangian drifters
moving with the current. This is particularly true in the summer season,
when the winds are normally light (less than 4 m/s) and there is no formation I
of new ice that would freeze floes together.

The sequential images also give ice drift kinematic data. The ice drift
vectors were derived by locating the same floe in images on June 29 and July
6. Three regimes of floe drift occurred during this 7-day period. First, the
floes at the edge moved fastest, an average distance of 75 km (12.5 cm/s) in a
southwesterly direction parallel to the ice edge. Second, floes west of 2 °E, at
distances greater than 40 km from the edge, moved approximately 45 km
(7.5 cm/s) to the south (Shuchman et al, 1987). Finally, in the region near
the R/V Polarqueen, the ice drift was only 15 km (2.5 cm/s) to the south-
west. I

The decrease in speed and the change in direction of the ice floe drift
across the MIZ result from different forces acting on the ice in the interior
and at the edge. The interior, with greater ice concentration and larger floes,
is more strongly influenced by internal ice stress than the ice edge, which
normally has lower ice concentrations and smaller floe sizes. The wind force
also varies across the MIZ because the edge region, with smaller floe size and
lower ice concentration, has greater roughness than the interior. The third I
feature, the region ofdramatically reduced ice drift, occurred at precisely the
same time and location at which an ocean frontal meander was observed in
the dynamic height topography (Manley et al., 1987). Furthermore, the drift
of a sound fixing and ranging (sofar) buoy at a depth of 100 m through this
anomalous ice drift area showed that this meander was a cyclonic ocean
eddy. The location and size of this eddy were such that its circulation was
opposed to the general ice drift direction, which reduced the ice drift veloci-
ties. Hence, the eddy slowed the ice drift in one region changed the drift
direction in the other region, and possibly augmented the drift to the north.

Surface waves are a major factor determining the structure of the ice in the I
MIZ. As the waves propagate through the ice field from the open ocean, they
are scattered and attenuated by the ice floes. Only the long-period swells
propagate more than a few kilometers into the ice; therefore, the breakup by 3
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short waves is most effective near the ice edge. The longest swells from storms
can penetrate more than 100 km into the ice and can break up layer floes
through flexure for tens of kilometers. The decay coefficient varies approxi-
mately as frequency squared, so the shorter waves are damped more quickly
(Wadhams et al., 1988). The result is a floe size distribution in which the
maximum floe size increases within the pack. Airborne SAR can provide
observations of wave penetration into the ice. Lyden et al. (1988) utilized
SAR data and standard fast Fourier transform (FFT) techniques to observe
230-m-wavelength surface swell, generated by a passing meteorological low
several hundred kilometers away, penetrating over 200 km into the pack
before significant decay occurred.

In 1978 a free-flying NASA satellite called Seasat was flown in a near-
polar orbit and carried a SAR. Although the satellite failed 100 days after
launch, more than 150 passes of L-band (23.5-cm) SAR data were collected
over the Arctic. The resolution of Seasat was 25 m and the swath width was
100 km. Figure 3.18 shows two Seasat 100 X 100 km images of the central
ice pack in the Beaufort Sea taken 3 days apart. A kinematic vector image of
ice floe motion over the 3-day period is also shown. The velocity vectors
resulted from tracking over 750 floes common to both images (Curlander et
al.. 1985). The vectors show the complexity of motion in an ice field that is
the consequence of air stress, ocean surface tilt, water stress, and force trans-
mitted through the ice. The first two stresses are perceived to be essentially
constant over the 100-km dimension of the image, whereas the remaining
two stresses are known to have spatial variability.

Both ground-based and helicopter-mounted instrumentation can be used
to acquire backscatter information. Radars such as the sled-based scatter-
ometer are being transported to the ice floes in the Arctic to couple the
accurate measurement of backscatter with scene characterization measure-
ments as well as surface-based passive-microwave measurements. This sled
system (Onstott and Shuchman, 1988a) provides data on backscatter from
various sea ice forms at frequencies from 0.5 to 10 GHz and relates the
sources of scatter to locations within the snow and ice. These in situ observa-
tions may then be extended to the small scale with helicopter-borne instru-
mentation such as the L-C-X-band scatterometer (Onstott and Shuchman,
1988b) or to the mesoscale with aircraft and satellite sensors. These scatter-
ometers make a powerful contribution to polar research because they pro-
vide backscatter values as a function of incidence angle. The measurements
at various incidence angles can then be used for validation of backscatter
models as well as interpretation of aircraft SAR data, which are typically
collected at moderate angles (e.g., 45 *), to predict responses of future SAR
satellite systems that utilize steep angles of incidence (e.g., 25 ) because of
power li.nitations.
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VI. Concluding Remarks

Satellite remote sensing offers the capability of synoptically mapping the
Arctic and Antarctic oceans. If microwave sensors are employed, the map-
ping can be performed independently of weather and solar illumination.
Passive-microwave radiometers provide sea ice concentrations with coarse
resolution (25-50 km) for both the northern and southern hemispheres.
These maps have been obtained on a near-daily basis since 1973. Designs in
which the resolution of these passive-microwave systems is improved by an
order of magnitude will be implemented within the next decade. Visible and
infrared satellite sensors such as Landsat, NOAA AVHRR, and Spot are
extremely useful in supplying water mass, biological, and ice information on
cloud-free days.

SAR has the greatest potential for providing polar information from
space. With its 10- 30-m resolution, SAR has been demonstrated to provide
observations on ice edge position, ice kinematics, ice concentration, ice
types, ice physics, ridges, icebergs, ice flow distribution, leads, polynyas,
wave propagation into the pack, locations of eddies and fronts, and determi-
nation of wind speed. A number of SARs in polar orbit are planned, begin-
ning with the launch o' Earth Resource Satellite- I (ERS- i) by the European
Space Agency (ESA) in 1990. It is thought that by the year 2000 continuous
SAR data for both the Arctic and Antarctic will be routinely available.

Radar altimeters provide useful information (10-km resolution) on ice
edge extent, ice roughness, gravity waves, significant wave height, wind
speed and direction, ocean currents, and ocean surface topography. A series
of radar altimeters, which are planned for the coming decades, will increase
the availability of altimeter data for the polar regions.

The optical and thermal sensors (AVHRR, OLS. MSS), when weather
conditions are favorable (i.e., cloud-free and proper solar illumination),
provide excellent high-resolution (10-2000-m) information on sea ice ex-
tent. location of fronts and eddies, and mapping of individual water masses
including chlorophyll concentration. Kinematics can also be performed if
the area remains cloud-free during the required observation period.

Table 3.3 lists the currently planned free-flying satellite systems which can
provide information about the Arctic and Antarctic. Not listed are the re-
placement satellites for the NOAA 9/10 and DMSP series. These replace-
ments are presently scheduled, and thus continuous uninterrupted service
should be provided by these satellites.

When selecting a remote sensor for polar oceanography, the trade-off
between high resolution and swath width coverage must always be consid-
ered. In general, the coarse-resolution sensors (1 km, AVHRR: 50 km, pas-
sive microwave) can map a hemisphere overa I - 2-day period. The high-res-
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olution sensors (5- 100 m; Spot, Landsat, and SAR) provide mesoscale
regional coverage (i.e., 300 X 3000 kin) daily, but a number of days are
needed to assemble a hemispheric map. As satellite sensors become more
sophisticated, Spot/Landsat and SAR data should be available with hemi-
spheric coverage daily.
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Investigation of the Effects of Summer Melt on the Calculation
of Sea Ice Concentration Using Active and Passive Microwave Data
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Active and passive microwave data sets acquired during the 1984 Marginal Ice Zone (MIZ)
Experiment aircraft flights in the Fram Strait region are used to examine the effects of ice surface melt
on microwave signatures and their resulting error in the calculation of sea ice concentration.
Conditions examined with the active-passive data set include ice floes with moist and dry snow cover
and both heavily ponded and ridged surfaces. Passive sensors on the NASA CV-990 aircraft included
the aircraft electrically scanning microwave radiometer (ESMR) operating at 19.4 GHz and aircraft
multichannel microwave radiometer (AMMR) operating at 10.7. 18.0. 21.0. and 37.0 GHz. Active
microwave sensors flown on the Canadian Centre for Remote Sensing CV-580 aircraft included the
Environmental Research Institute of Michigan synthetic aperture radar (SAR) operating at 1.2 and 9.4
GHz. Coincident AMMR and SAR measurements of individual floes identified in aerial photography
are used to describe the effects of surface melt on the calculation of sea ice concentration, and in
particular, the response of the passive microwave polarization and spectral gradient characteristics todifferent stages of surface melt. Although the onset and progression of summer melt are not uniform
throughout the Arctic. the stages of summer melt observed in the MIZ are also observed on a
large-scale in the central Arctic. This is demonstrated using Nimbus 7 SMMR data and Arctic Ocean
buoy temperature data over one annual cycle. Finally, the potential of optimally combining both activeand passive microwave data in an effort to ameliorate these surface melt effects during the summer
months is also explored.

1. INTRODUCTION ESMR brightness temperature time series, Carsey argued

The importance of having a long-term passive microwave that the time of minimum brightness (mid-July) corresponds
data set of known accuracy for obtaining climatologically to maximum pond coverage, but also noted that other
important ice parameters on both global and regional scales surface phenomena cannot be unambiguously distinguished
is well recognized. The Nimbus 7 scanning multichannel from the ponding maximum. Clearly, these areas of lowfromiathes ponsrdin mai.earlyrthee areaswiofrelow
microwave radiometer (SMMR) has provided almost 9 years radiances observed in passive microwave data will remain
of global sea ice concentrations and numerous case studies ambiguous in the absence of additional information. Re-

have been carried out to determine the accuracy of these cently, in a study of late summer Nimbus 7 SMMR bright-

concentrations primarily under winter and premelt condi- ness temperature variations in the Canadian Basin for the

tions (e.g., Martin et al., 1987, Steffen and Maslanik, 1988]. period 1979-1984, Barry and Maslanik [19891 used Defense

Summer sea ice concentrations are more uncertain because Meteorological Satellite Program (DMSP) optical line scan-
of the presence of moist snow. wet ice surfaces, and the ner and NOAA advanced very high resolution radiometercollection of f ree oftmoi ssions (i.e. metponds), and (AVHRR) visible imagery as their additional source of
coltctioroturee dep resions ie mssponds)na information to establish that areas of low brightness temper-of temperature-dependent variations in ice emissivity nearaueaninrsdpoaztoncrsoddtoraso

the melt point [Cavalieri et al., 1984: Onstott et al.. 1987]. ature and increased polarization corresponded to areas of
Problems associated with the interpretation of passive actual reduced ice concentration in 4 of the 6 years studied.

microwave data during summer months were recognized Since passive microwave satellite observations alone can-

early on. Areas of low microwave radiance observed during not distinguish between the collection of meltwater on an ice

summer in the central Arctic with the Nimbus 5 electrically surface and the water between ice floes a means is needed to

scanning microwave radiometer (ESMR) were interpreted as estimate the areal extent of ponding within floe boundaries.
low ice concentration areas [Gloersen et al.. 1978; Campbell This paper explores the potential of synthetic aperture radar
et al., 19801. whereas Crane et al. 19821 suggested an (SAR) to provide the additional information needed to sup-
alternative explanation in terms of melt ponding effects. This plement the passive microwave data in order to unambig-
problem was revisited by Campbell et al. [1984], who argued uously discriminate between open water areas and ponded

that the low radiance areas are primarily due to open leads floes. Previously, high-resolution aircraft SAR data have
and polynyas. A first attempt at actually mapping melt pond been used to discern individual floes and to provide infor-
ractional coverage using microwave data was made by mation concerning the state of melt pool development and its

[ 19851. From lead area estimates and from Nimbus 5 areal extent [Burns et al.. 1984, 1985; Onstot and Moore,
C1984; Holt and Digby, 1985].

Copyright 1990 by the American Geophysical Union. A previous study of summer ice concentrations (Burns et
Paper number 89JC03158, al.. 1987] utilized active and passive microwave aircraft
0148-0227/90/89JC-03158$05.00 sensors flown during the 1984 Marginal Ice Zone Experiment
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(MIZEX). The passive sensors on the NASA CV-990 aircraft 101w 0Wm
included an ESMR operating at 19.4 GHz and an aircraft Z'N+ W +
multichannel microwave radiometer (AMMR) operating at NGREENLAND

10.7. 18.0, 21.0. and 37.0 GHz. The fixed-beam AMMR
radiometers measured both horizontally and vertically po- +
larized radiances at all frequencies except 21 GHz. The 4 ......
active microwave sensor included the Environmental Re-
search Institute of Michigan (ERIM) SAR operating at 1.2. ,
and 9.4 GHz on the Canadian Centre for Remote Sensing 8oN+ : .4.
(CCRS) CV-580 aircraft. A detailed description of these r-4- Tk-
sensors may be found in the Burns et at. paper. a I

A comparison of ice concentrations derived from the
single-frequency (9.4 GHz) active and single-frequency (19.0 +
GHz) passive microwave aircraft imagery showed that they
agreed to within 13%. It was determined that the primary SVALBA
cause of the discrepancy was ice signature variations of the SLA
X-band SAR. The SAR image statistics for an entire scene N +
showed little bimodality; a broad ice intensity distribution
resulted from variati'cns in surface conditions including Fig. I. Map of the Fram Strait region showing the location of
moist or saturated snow cover and wet ice surfaces, although the aircraft coverage used in this study. i he t ) boxes indicate the m
local areas showed good ice/water discrimination. Speckle SAR coverage on June 29 (dotted lines) and on June 30 (dashed

noise was also a contributing factor. This was in contrast to lines). The E-W track (dashed line) gives the northern most leg of
ESMR and AMMR coverage on June 30. The June 30 ice-edge

the 19 GHz passive microwave imagery which showed a position as determined from SMMR imagery is indicated by the
distinct brightness distribution with two broad peaks. cross-hatched line.

Sea ice concentrations were also obtained from coincident
aerial photography. Both the SAR and AMMR ice concen-
trations agreed to within 13-14% of the concentrations from Gloersen and Campbell [1988] examined the influence of
the aerial photographs. Concentrations from the digitized surface melt on the calculation of multiyear ice concentra-

photographic imagery, also subject to various uncertainties. tion. The emphasis in this study is on the dual-polarized.
were treated not as "'ground truth." but simply as another multifrequency passive microwave sensors and the single-
remotely-sensed measurement of ice concentration. channel SAR as these will be the types of satellite senso

In the same stdy. a comparison of SAR and AMMR ice providing coincident or nearly coincident data in the near
concentration measurements, which spanned a range be- future.
tween 45% and 56%. showed a mean difference of 3.5%. In
contrast to the single-channel ESMR concentrations, the 2. MICROWAVE CALCULATION OF SEA ICE
AMMR algorithm results exhibited much less variability CONCENTRATION I
(5.6% versus 17.5% for ESMR) which was attributed in part
to the sensor's lower spatial resolution (see Table I of Burns 2.1. Passive Microwave
et al. [1987]) and in part to the ability of the algorithm to In contrast to the simple linear ice concentration algorithm
accommodate variations in ice surface emissivity. The rms used with the 19 GHz ESMR. the AMMR sea ice algorithm -
difference between the concentrations from the AMMR and uses the 18 and 37 GHz channels to calculate both total and
the photography was 10.4% for three of the four areas multiyear sea ice concentration. Two ratios of radiances
sampled. while the rms difference between the SAR and serve as the independent variables. These ratios are the
photography was 15.8%. The SAR and AMMR gave identi- polarization ratio PR and the spectral gradient ratio GR
cal results (56%) for the fourth sample, in contrast to 83% defined by
derived from the digital photographic image. Interestingly, T
both the photograph and the SAR image showed evidence of PR(f)TBv(f) - TBh(f)()
surface melt. TBv(f) + TBh(f)

In the present study we examine in much greater detail the
effect of surface melt on microwave signatures and the TBv(37) - TBv(18)
resulting error in the calculation of sea ice concentration. We GR(18. 37) = TBv(37) - TBv(18) (2)
also explore the potential of optimally combining both active

and passive microwave data in an effort to ameliorate the wherefis frequency (18 GHz is used in this study), and TBv
effects of melt ponding on the calculation of ice concentra- and TBh are the observed microwave brightness tempera-
tion during the summer months. As in the Burns et al. (19871 tures at vertical and at horizontal polarization, respectively.
study, we use both the active and passive microwave data The advantage of using these ratios is that they are almost
sets acquired during the 1984 MIZEX aircraft flights (see orthogonal in the sense that variations in PR reflect mostly
Figure I). An overview of the large-scale sea ice conditions changes in ice concentration and are largely independent of
encountered during the experiment is provided by Campbell ice type (first-year or multiyear), whereas variations in GI
et al. [19871. Conditions in the coincident active/passive reflect mostly changes in ice type. GR is also used to
microwave aircraft data set under consideration include ice minimize weather-related effects including the microwave 3
floes with dry, moist and saturated snow covers and with emission by atmospheric water vapor. cl,,,id liquid water and
both heavily ponded and ridged surfaces. A related study by wind-roughened seas which are known to result in false I
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indications of sea ice over open oceans [Gloersen and 100
avalieri, 1986]. Under summer melt conditions, multiyear

.,;e type discrimination becomes indeterminable: neverthe-
less, the orthogonal nature of these independent variables . 80
provides a mechanism for overcoming the effects of early
melt on the calculation of total ice concentration as will be
illustrated in section 4 below. c o 601

The expression for the total sea ice concentration (C) is WZ

actually a sum of the first-year (CFy) and multiyear (CM) ice Zo
concentrations calculated as follows: o 40

w

F0 + F1 PR + FGR + Fj(PR)(GR) c

CF" = Do+DPR + DGR + D 3(PR)(GR) (3) 20

Mo + MIPR + MGR + M3(PR)(GR) 0
C.V D DPR + DGR + D(PR)(GR) (4) 0 20 40 60 80 100

AMMR ICE CONCENTRATION (%)
C = CF)"- CY (5)

Fig. 2. Comparison of Greenland Sea MIZ ice concentrationsThe algorithm is discussed in detail by Cavalieri et al. [1984] derived using X-band SAR and AMMR measurements for six areas.
and further by Gloersen and Cavalieri [1986]. The values of The vertical and horizontal lines represent the standard deviation of
the constants Fi, Mi and D i (i = 0 to 3) are as follows: the SAR and AMMR measurements respectively.

I F0 = 2284.36 F, = -21.403.00
signature ambiguities that would lead to errors in ice con-

F, 16.003.92 F3 1424.94 centration using this algorithm. One example is the presence
M = -561.20 M, 16,023.66 of grease ice (soupy layer of coagulated ice crystals on the

water surface) which has a signature similar to calm open

M, = -22,386.97 M3 = -38.971.83 water [Gray et al.. 1982]. Another is wind-roughened water
which at low-incidence angles can appear brighter than the

Do = 1424.94 D 1 8715.30 surrounding ice [Askne and Ulander. 1989]. In these cases.
information in addition to image intensity must be used to

-4125.98 D= -11.416.34 obtain concentration estimates.

Note that the corresponding coefficients given in Gloersen This algorithm was applied on a pixel-by-pixel basis to the
and Cavalieri differ slightly from these due to a numerical 9.4 GHz SAR data which had been radiometrically rectified
error discovered after publication. (although not calibrated) to remove intensity variations

dependent on radar range. Only the 9.4 GHz data were used

because of the more uniform ice signature at this frequency
2.2. Active Microwave versus the 1.2 GHz data (see below). Further discussion of

The sea ice concentration algorithm used with the single- the algorithm is given by Burns et al. [1985. 1987].
channel 9.4 GHz SAR data is the same as in the Burns et al.
[1987] study, that is, a linear interpolation between the radar 2.3. Comparison
backscatter of open water and sea ice. As stated there this Six areas each of 6 km 2 in size were identified as having
technique was adopted as an attempt to account for the ice coincident SAR and AMMR coverage. The observations
signature variability and not because we are treating a from these sensors were registered using both the NASA
mixed-pixel situation. In fact, because of the high resolution CV-990 and the Canadian CV-580 aerial photography. For
of the SAR. most pixels can be assumed to represent areas of each area, mean concentration values and their standard
100% ice or 100% water, and mixed pixels covering both deviations were calculated from the SAR and AMMR data
surface types are expected only at the ice/water boundaries. and are shown in Figure 2. The calculated ice concentrations
Here location at a boundary, the finite time-response of the for these six areas range from approximately 20% to approx-
sensor, and the smoothing effect of digital post-processing imately 70%. Examination of the figure shows that the SAR

(geometric rectification and speckle reduction) all contribute concentration estimates are on average 3.8% higher than the
to this situation which is clearly most frequent in the AMMR estimates and have an intrascene variability approx-
marginal ice zone. Even for SARs with ERS-l resolution. imately three times greater. Similar results were obtained in
this mixed-pixel situation would be minimal in pack ice the previous study by Burns er al. [1987. Table 61 which
areas. showed for four samples a mean difference of 3.5% between

The linear expression for sea ice concentration C(I) is: SAR and AMMR estimates. The lower AMMR measure-
C(I) = (I - [w)/l/ - Iw) (6) ments may be attributable in part to the lower resolution of

the AMMR sensor through contamination by peripheral
where I is the backscatter intensity for a given pixel, and I, areas of open water seen by the wings of the relatively wide
and Iw are the mean values of sea ice and of open water antenna pattern of the sensor itself. The large difference in
intensities, respectively, with I, > 1w. Conditions other than the magnitude of the standard deviations results from the
those encountered during the summer MIZEX can result in greater variability of the SAR ice signatures, from the ability
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of the AMMR algorithm to accommodate some of the 2s
passive microwave signature variability, and to some degree _
from the higher spatial resolution of the SAR. 2 W" ".

3. MICROWAVE SIGNATURES OF MELT EFFECTS v. _ .MaV-p i
max H-Pol

In this section we review briefly the characteristics of 190+ .... MmH-pN
Inths"ecio

microwave sea ice signatures observed during the 1984 J?
MIZEX and then show using Nimbus 7 SMMR data and W 170

Arctic Ocean buoy temperatures that the progression of 1so I
summer melt observed in the MIZ is also observed in the 0 3D W 90 12D 150 Os 210 240 270 30 30

Julkn D"S 1M4
central Arctic. (a)

The snow and sea ice conditions and associated micro-
wave signatures during the 1984 MIZEX have been dis- 2o
cussed previously by Onstott et al. [19871. They observed 2
that during the experiment the sea ice and its snow cover 2M

underwent a transition from late spring to summer when air
temperatures were within 2*C of the freezing point. As the 210

air temperature increases, the snow cover becomes progres 1 Max V -MH
sively moist. until in early summer it has become thoroughly -uV-V

mMin aroi'

face where it collects to form subsurface pools. As the
season progresses, surface melt ponds form and at about 1SO0 30 W 9D12 150 160 210 240 woo 3W 30
midsummer begin to drain. Jua. Day I i

Because of the considerable difference in the microwave NI

emissivities of water and ice. the effect of this evolution of Fig. 3. Maximum and minimum (a) 18 GHz H and V and (b) 37
surface conditions on the microwave emission is a deviation GHz H and V SMMR brightness temperatures for a 600 x 600 km
from the winter signatures in proportion to the amount of region north of the Canadian archipelago for 1984.
free water present. As the liquid water content of the snow
cover increases from 0 to 0.5%. the penetration depth will
decrease by more than an order of magnitude [Ulaby et al.. in the moist snow pack resulting in a loss of ice tyl.-
1982). During winter when the snow cover is dry and the classification [Livingstone et al.. 1987a, b]. Large intensity
underlying sea ice is cold. the microwave emission for variability is still present. though, due to different degrees of
first-year ice is almost independent of frequency, while surface wetness and amounts of snow cover. By early to
multiyear ice emission decreases with increasing frequency midsummer the snowpack has experienced considerable 3
[e.g.. Cavalieri et al.. 1984]. With the snow cover becoming melt and depressions in the ice or ice with a lower freeboard
moist in late spring, the multiyear ice signature becomes will have collected varying quantities of meltwater. Fully
indistinguishable from that of first-year ice [e.g.. Comiso, open water meltpools will appear as extremely low return
19831. In some instances during the early stages of summer areas at both 1.2 and 9.4 GHz. In areas where melt pools are
melt. the radiometric brightness temperature of multiyear ice still forming and the snow has been transformed into mix-
becomes greater than that of first-year ice [Grenfell and tures of snow, ice, and water, very strong returns are
Lohanick. 1985]. Because this increase of free water is produced in the SAR imagery. For areas of thick snow, weak
neither temporally or spatially uniform during this time of returns are produced at both frequencies, and the ice surface
year. the overall distribution of multiyear pack ice may look topography is well masked. As the frequency decreases, the
quite different than during midwinter. As the snow cover contrast between areas with heavy and thin snow cover m
becomes progressively wet. the microwave signatures be- increases. In areas where melting has produced both a thin 3
come progressively less variable. This is because the aver- snow cover and small-scale surface roughness (of the order
age microwave emission is determined by conditions within of 1-3 cm for first-year ice). enhanced returns are produced,
the frequency dependent penetration depth, which in this especially at 1.2 GHz. Thus in late summer, as the ice
period corresponds to a layer of moist snow with an emis- surface is exposed and surface melt ponds drain, the radar 3
sivity close to unity. Thus the microwave emission is high at backscatter. as well as the microwave emission, again re-
all frequencies and resembles that of winter first-year ice. flects ice type differences.
making the differentiation of ice type indiscriminate [Cava- This progression of surface melt conditions observed in
lieri et al., 1984: Onstott et al.. 19871. Beginning about the MIZ by Onstott et al. [19871 is also observed on a larger
midsummer as surface melt ponds form and drain, the scale in the central Arctic. The change in the minimum and
microwave emissivity becomes extremely variable reflecting maximum sea ice brightness temperatures from the Nimbus
the great spatial variability of surface conditions. In late 7 SMMR 18 and 37 GHz horizontal and vertical polarization 3
summer and early fall the ice types once again become channels over one annual cycle is illustrated in Figures 3
radiometrically distinguishable and their signatures ap- and 3b for a 600 x 600 km area in the central Arctic nort.
proach their winter valucs. of the Canadian archipelago. From an examination of Figure

Ice type discrimination is also lost during the first half of 3 we observe that the discrimination between the 18 and 37 3
summer in the radar signature because the backscattering GHz radiances throughout winter and early spring is well
process is dominated by surface scattering and/or absorption defined. The actual difference between the two signatures is I
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1 melt ponding, and open water. From September to mid-
.0.2 ,,was.December the temperature decreases and the PRs and GRs

2W 2 return to their wintertime values.

o ',01 4. EFFECTS OF SUMMER MELT ON CONCENTRATION

-02- 210 0 CALCULATIONS

We now examine the microwave signatures of three ice

-0. 1 12,-2, floes which illustrate the progression of summer melt from
early spring to late summer for the purpose of understanding1 4"(_ 6 1 - 1 2 _ , _ 2 3 ,

,,-10, M01 -, the effect that these characteristics have on the calculated
-06 2-, ice concentrations. These floes were identified with the aid

00 i-2% of the NASA CV-990 aerial photograph record for the June

NO, ,30 flight and are shown in Figure 5. The three images were01 02 03 04 05 06 07 00

PRB taken with a KS87-B metric camera from an altitude of

Fday in 33.000 feet and each frame has a field-of-view of approxi-
1984 from Julian day 90 through Julian day 350 together with mately 10 km along the direction of flight (right to left). The

corresponding Arctic Ocean buoy temperatures shown in parenthe- across-track (up and down) distortion results from the cam-
sis for the same Arctic region as for Figure 3. era looking off to the right of nadir at an angle of 45' .

The first floe. floe A. appears to the right of center in
Figure 5a and is a composite floe made up of primarily

a measure of the relative amounts of first-year and multiyear multiyear ice. Cloud shadows are visible against the bright
sea ice. This spectral difference, measured in terms of the snow cover on the floe. The location of this floe was over 200
spectral gradient ratio defined by (2). is used to obtain ice km west of the main ice edge (see Figure I) where the local
type concentrations. Beginning about Julian day (JD) 100 environmental conditions were closer to winter than sum-
(Apnl 9), all the brightness temperatures begin to increase as mer. The CV-990 infrared radiometer (PRT-5) measurements
a result of the general seasonal warming. On or about JD 170 gave surface water temperatures of - 1.6C to -2. IC. There
(June 18) there is a very sharp increase in the temperatures were also visual sightings of grease ice formation between
indicating the onset of summer melt. During summer the floes [Gloersen et al., 1985], another indication of cold

!1-defined discrimination between the 18 and 37 GHz surface conditions. From an examination of an enlarged
.annels is lost as is the corresponding ice type information. Figure 5a there appears to be a heavy snow cover and
Starting about JD 270 (September 26) the signatures begin to considerable ridging. From a survey of the physical proper-
diverge and assume their characteristic winter values, ties of the ice in the experiment region during June and July,

The average PR and GR values for this same central Arctic Tucker et al. [1987] found that of the 40 floes sampled, 27
region are plotted every 10 days in 1984 from JD 90 through were identified as multiyear, 9 as first-year, and 4 as com-
JD 350 and are shown in Figure 4. The gap between JD 220 posite floes of first-year and multiyear ice. Their measure-
and JD 240 is due to missing data. Each point also has ments of snow depth revealed that multiyear floes had a
associated with it a temperature shown in parentheses ob- significantly deeper snow cover averaging 28.5 cm as com-
tained from Arctic Ocean buoys 3835 and 3849 located pared with first-year ice, which had an average cover of only
within the 600 x 600 km2 region. Although the reported 8 cm.
temperatures [Colony and Munoz, 19861 are from a sensor The second floe, floe B. is a large floe made up of smaller
within the buoy, they are believed to be within a few degrees multiyear floes cemented together (Figure 5b). There are
of the ambient air temperature (Martin and Clarke, 1978]. also some thin first-year ice areas, the areas that are grey in
From March (JD 90) through May (JD 150) the temperatures appearance. This floe was observed from the aircraft, and a
are well below freezing, but by mid-June the temperatures few melt areas were reported to be visible (Gloersen et at.,
reach the freezing point and the PR and GR values approach 1985]. An examination of the image shows that there is some
zero (JD 170). This is consistent with the sequence of events evidence of melt ponds beginning to form in the right of
described earlier whereby at some time in early to midsum- center of the floe. The floe was located approximately 100
mer there is a period when the snow cover becomes very km west of the ice edge. Ships in the general vicinity
nearly a perfect blackbody emitter. Interestingly, in a related reported surface air temperatures hovering around 0*C.
study of SMMR brightness temperature data and Arctic The third floe, floe C. is another large composite floe
Ocean buoy temperature data for the summers of 1979 similar to floe B but shows a more advanced stage of melt as
through 1982. Maslanik and Barry [19891 find that the rapid indicated by the small dark grey areas which are more or less
increase in brightness temperature typically occurs around evenly distributed across the floe (Figure 5c). This floe was
June 20 (JD 171) which is within a day of what is shown in located just inside the ice edge and an icebreaker located just
Figure 4. By June 28 (ID 180) the PR value has increased to west of the floe well within the pack ice reported surface air
wintertime values, but GR is appreciably greater indicating a temperatures just above freezing.
,ss of ice type information. Because polarization informa- Floe C was the only one of the three floes which was
on remains largely intact, but with larger uncertainties, we imaged coincidently by the active and passive sensors on

can still derive useful total ice concentration information. June 30. In Figure 6 we show the 1.2 GHz and the 9.4 GHz
From JD 180 until mid-September (JD 260) there is consid- SAR images which include a portion of this large floe.
erable variability in both PR and GR indicating a compli- Observed differences result from the distortion produced by
cated mix of surface conditions including wet snow. surface the side-looking camera on the CV-990 and the side-looking
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radar, and from actual ice motion during the time between
the two aircraft overflights. Comparison with the aer"
photography (Figure 5c) shows that the 1.2 GHz image mos
closely reflects the floe structure seen in the photograph. the
areas of young ice or advanced melt areas appear trighter 3
than the surrounding areas, which with a thick and moist
snow cover produce a weaker backscatter. Some of these
areas also produced strong returns in the 9.4 GHz data, but.
in general. at this frequency the floe interior was more 3
uniform in appearance than at 1.2 GHz due to the absorp-
tivity of the moist snow cover. This image illustrates both
the lower sensitivity of the 9.4 GHz data to variations in
surface conditions as observed during early to midsummer
throughout the MIZ, and the large intensity variability of
floes in the ice field at this time.

PR and GR values calculated from the AMMR measured
radiances on June 30 for the three floes shown in Figure 5 are
plotted in Figure 7. The clusters of measurements corre-
sponding to these floes are labeled "A." "B." and "C." The

la) PR and GR values corresponding to the multichannel SMMR 3
algorithm constants for open water (OW). first-year (FY).
and multiyear (MY) sea ice are also plotted for reference and
are indicated by open squares.

The cluster of points labeled A have PR and GR values
typical of consolidated midwinter MY ice. The two obser-
vations of floe B have microwave signatures close to first-
year ice and correspond to a concentration of about 90%.
Factors which may have contributed to the less than 100%

S"concentration include wet snow cover, ponding, and con-
tamination from adjacent open water areas by the low
resolution field of view of the aircraft radiometer. The degre,
to which we can attribute the relative position of the B 

cluster along the FY-MY line to actual ice type or surface
wetness is uncertain, but the key point is that the wetness
that is observed has not affected the computation of the
concentration by more than 10%. The cluster of points
labeled "C" corresponds to a calculated concentration of
between 60% and 65%. which is considerably less than
100%. The low calculated concentration is attributed to the
wet ice surfaces, the numerous open water melt ponds. and
to areas of snow-ice-water mixtures.

Image -tntiqlics derived from the 9.4 GHz SAR image data
for Figure 6 are shown in Figure 8. Here mean backscatter
amplitude is plotted versus standard deviation for 60 x 60 m
subimages of floe C and adjacent ice and water areas. This
plot demonstrate% the two main sources of error in the single
channel SAR ice concentration algorithm. First, the ice-
exhibits a much greater signature variability than the water
as seen from the greater scatter in the mean values in Figure
8. For these data the standard deviation of the ice means is
approximately one third of the difference between the mean
ice intensity (I) and the mean water intensity (Iw) used as tie
points in the algorithm (section 2.2). By assuming that the 3
distribution of ice signatures is Gaussian about the mean 1
value, it can be shown that the error in the calculated
concentration is directly proportional to the ratio of the
standard deviation of the ice signatures to the difference
between ice and water mean intensities. Using the value-
from Figure 8. this predicts underestimates of about 2% fo,
10% concentration and almost 20% for 100% concentration.

(C) This effect is seen in Figure 9a where estimates over floe C 3
Fig. 5. NASA Convair-990 aerial photographs of floes (a) A. (b) B. fall between 75% and 85%.

and (c) C. The second source of error, also illustrated in Figure 8. is I
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Fig. 7. GR versus PR plot for 30 June. 1984. showing clusters of 0.0 0.6 1.0 1.5 2.0
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Fig. 9. Mean concentration estimates for 900 x 300 m areas

that the standard deviation for the water signatures is much across floe C and open water calculated using two SAR techniques
smalle thstandarddian for the water sTgnahures is muue totn(a) linear interpolation and (b) neighborhood classification.smaller than for the ice. This is due to the speckle noise

inherent in the SAR imaging process which introduces a
variance equal to the square of the mean divided by N,
where N is the number of "looks" [Burns and Lyzenga, though more appropate to the high-resolutio case, also
1984]. In addition, the standard deviation of pixel values r mr aproprate o the high-resolutin case o
withinresults in misclassification of ice as water again because of
than that of the mean backscatter values for all the subim- ;he large ice signature variability aggravated by speckle

ages. Because this algorithm calculates concentration on a

pixel-by-pixel basis, it effectively resolves the speckle noise A better method that would avoid resolving the vanabilityre.
which thereby contributes directly to the large uncertainty in and still take advantage of the relatively high SAR resolution
the concentration estimates (Figure 2). would be to evaluate concentration on a neighborhood basis

There are two main implications of this analysis of the using an intensity decision rule based on the water mean

errors in the SAR algorithm: (I) pixel-by-pixel evaluation of intensity value alone. Such a scheme has been used to

concentration is not suitable for these high-resoic'ion data calculate ice concentration over a portion of the floe C area.and (2) specification of an ice tie point is not a-riate Using a 10 x 10 pixel (30 x 30 m) neighborhood and an
nthe large signature variability. The linear prpioat intensity threshold equal to the water mean plus one stan-

given telresgauevraiiyThliarinterpolation dard deviation, each neighborhood is classified either as ice
algorithm. applied on a pixel-by-pixel basis, cannot therefore or asvation eas o the s ing
adequately account for this variability, as seen from the or as water on the basis of the majority of pixels havingresults. Simple th,"esholding on a pixel-by-pixel basis. a- intensity values above or below the threshold, respectively.

Once ice and water are detected in this way, concentration
estimates at any spatial scale greater than the size of the

100 neighborhood can be obtained, The results for the floe C area
are shown in Figure 9b and indicate the sigtificant improve-
ment over the linear interpolation method. Although this

3.2-em SAR DATA algorithm needs to be tested on more data sets with a range
S *WA3T JUNE - MIZpX r4

I CE FLOE "C" of concentration and seasonal conditions, it clearly hasZpotentia.1 for providing relatively accurate SAR estimates
a WATER

00 . over consolidated ice areas under melt conditions where
> AMMR estimates are poorest.

00

40 0 * 5. POTENTIAL SOLUTION

m • A possible solution to the problem of reduced passive

20 microwave concentrations due to surface melt effects may
be obtained through the use of SAR imagery to estimate floe
areas that are comprised of moist snow and areas of snowUe'

0 _ice-water mixtures. In this section our working hypothesisfo.
o so 100 150 2,0 will be that the interior flo( surface conditions may be

MEAN BACKSCATTER AMPLITUDE acquired using 9.4 GHz SAR. If this hypothesis is valid. it

Fig. S. SAP X-band R3.2 cm) image statistics for floe C area based may he possible to obtain at least in a statistical sense a
on 60 x 60 mn sample area. measure of the ice surface area in a given region which is

I IRadar backscatter measurements over saline ice 613
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Fig. 10. Annotated ice doe imagerv obtained on 29 June. 1984. with the ERIM N-band (9.4 GHzI and L-band (1.2(;Hz) SAR and the CCRS aerial camera on the C\'-580. Surface features include snow-covered ice (SCDt: heavy -snowcovered ice (HV.SCt; thick (TFYt. medium tMFY(. and thin (ThFY) first-year ice: pressure ridges tPRt: subsurface
melt ponds (SS.MP:. and melt ponds (MP).
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ponded or sufficiently wetted to adversely affect the passive the free water content alter the spectral gradient ratio and
microwave ice concentrations. thus appear as variations in the relative proportion of "first

To test this hypothesis, we examine a flow which was year" and -multiyear" ice types. Under conditions

surveyed at the surface and imaged with the CV-580 SAR or. substantial surface ponding the polarization information will
June 29. 1984. Unfortunately, the poor image contrast and change significantly and the algorithm will underestimate the
low signal-to-noise ratio of the floe C SAR image (Figure 6), ice concentration. Iprevented its use for testing this hypothesis. The 9.4 GHz With respect to the active sensors, we have shown that the
(X-band) and 1.2 GHz (L-band) SAR images and an aerial large ice signature variability in the SAR data is responsible
photograph of the June 29 floe are shown in Figure 10 for the underestimates produced with the single-channel 5
together with annotations of surface features. Areas identi- linear algorithm, and that the large estimate variances result
fled include thick (TFY), medium (MFY), and thin (ThFY) from the algorithm being applied on a pixel-by-pixel basis.
first-year ice areas, heavy-snow covered ice (HV.SC), pres- To avoid resolving the signature variability, a neighborhood
sure ridges (PR), subsurface melt ponds (SS.MP) and melt segmentation algorithm was suggested and used on a ponded
ponds (MP). The snow-ice-water mixtures cover a consider- floe to demonstrate the potential for improved SAR concen-
able portion of the surface of this floe and also produce tration estimates during surface melt conditions. We have
emission more similar to water than to ice. The procedure further demonstrated using high-resolution aircraft data that
for testing this hypothesis is as follows. The surface areas of high-resolution SAR imagery can be used to obtain an areal
the floe were divided into two categories: mixed regions of measure of the degree to which individual floes have wetted
snow-ice-water and areas of moist snow. SAR backscatter surfaces and open melt ponds. This suggests that a combined
intensity thresholds were defined to separate the returns ac'ive-passive microwave system of sensors may provide a 3
from these two types of areas. Their means are separated by means for improving the accuracy of the ice concentration
4 dB. With this technique it was determined that 70% of the determinations during the summer melt period through the
floe area was snow-covered ice (-SCI) and 30% was melt development of a "microwave surface melt climatology" for
ponds (SS.MP and MP). different regions.

These results suggest that SAR can be used to estimate the
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I Radar backscatter measurements over saline ice
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_ Abstract. During the 1984 and 1985 winter seasons, radar backscatter measure-
ments were performed on artificial sea ice at the U.S. Army Cold Regions
Research and Engineering Laboratory (CRREL) at Hanover, New Hampshire.
Radar data were collected at selected frequencies in the 4-17GHz region for

1 incidence angles from 0 to 600 with like and cross polarizations. These measure-
ments were performed on smooth, rough, bare and snow-covered saline ice and
open water. Backscattering from ice increased with its thickness until the ice was
about I cm thick and then decreased gradually with further growth. Rough ice andI snow-covered ice gave similar returns at 13.6 GHz, but the scattering coefficients
of snow-covered ice were lower than that of rough ice at 9.6 GHz. Depolarized
scattering from smooth, thin ice and water were much lower than from rough ice3 and snow-covered ice.

1. IntroductionI Polar regions are covered with sea ice of variable extent and thickness. Infor-
mation on the ice cover is important in the study of global climate and has operational
applications in activities connected with off-shore resource exploitation and trans-
portation in ice-covered waters. Sensors operating in the visible and infrared parts of
the electromagnetic spectrum are of limited use in monitoring the polar regions. Since
these areas are completely dark during mid-winter and are cloud covered in the
summer season, sensors operating in the lower microwave region are required to

i provide all weather and day/night coverage. Several Earth observation satellites
carrying microwave systems are scheduled to be launched during the 1990s. Monitor-
ing of polar regions is among the stated objectives of these missions.

-- Radar was used to map sea ice as early as 1962 (Anderson 1966). Since then
several experimental investigations have been carried out to determine the utility of
radars in scientific and operational monitoring, and to determine optimum sensor
parameters (Ketchum and Tooma 1973, Parashar 1974, Dunbar 1975, Gray et al.

i 1982, Onstott et al. 1982a, Livingstone et al. 1987). However, very few of these
measurement programmes included surface observations needed to develop theoret-
ical models of radar backscattering from sea ice. In order to perform microwaveI 0143-1161/90 S3.00 ( 1990 Taylor & Francis Ltd

Im
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experiments in conjunction with detailed surface and structural measurements for
obtaining data required for modelling purposes, an outdoor pond was constructed at
U.S. Army Co!d Regions Research and Engineering Laboratory (CRREL) at
Hanover, New Hampshire, for growing saline ice.

In 1984 and 1985, the University of Kansas made radar backscatter measurements
as a part of controlled experiments on artificial sea ice at the CRREL. The University I
of Massachusetts, University of Washington and Naval Oceans Research and
Development Activity (NORDA) performed concurrent passive microwave measure-
ment (Swift et al. 1986, Grenfell and Comiso 1986). CRREL personnel made detailed
observations of ice sheets including measurements of salinity, internal structure and
electrical properties (Arcone et al. 1986). The primary objective of these investigations
was to measure electrical properties in a controlled environment for quantifying the
influence of the structural parameters of ice on microwave scattering and emission. i

We performed active measurements with a dual-antenna FM radar at selected
frequencies between 4 and 17 GHz for like and cross polarizations over incidence
angles from 0 to 60'. Ice categories studied durincy these experiments included open I
water, smooth and rough saline ice and snow-covered ice. The ice sheets we studied
simulated, both physically and electrically, the thin ice encountered in the Arctic
(Arcone et al. 1986).

The purpose of this paper is to report the results of active measurements. A
method for reducing errors in estimating scattering coefficients from data collected
with broad-beam antennas is discussed. The effects of ice growth, roughness and
snow cover on backscattering from thin ice are investigated. Comparisons are made I
of backscattering characteristics of different ice categories studied in this

investigation.

2. Experiment description I
The radar experiments were conducted on saline ice grown in a 5 m x 15 m

outdoor pond at CRREL during the 1984 and 1985 winter seasons. Radars were
mounted on a gantry provided by the University of Massachusetts. The gantry was
capable of lateral movement for obtaining independent samples required to reduce
fading. Radar data were acquired at 50 intervals to accurately determine the near-
vertical angular response. Measurements were made at 12 closely-spaced frequencies I
between 4 and 17GHz, but with emphasis on 5-0. 9.6, 13.6 and 16.6GHz. CRREL
investigators performed detailed structural and electrical characterizations including
salinity, temperature, density and thickness. Surface roughness measurements were
made by removing blocks and slicing the blocks into a number of thick sections.
These sections were placed against a centimetre grid and photographed. These
photographs were digitized and surface roughness statistics were estimated from the
digitized data. I

In 1985, we performed experiments on three saline ice sheets. The first measure-
ments were on a saline ice sheet grown during 4-8 January. This sheet was divided
into two sections: one seeded and the other unseeded. The measurements were started
when the saline ice sheet was about 3 cm thick and were continued until it was 8 cm
thick. Before this sheet was removed, the ice surface was artificially roughened and a
natural snow cover of 4-5 cm was allowed to accumulate to permit the study of the
effects of surface roughness and snow on backscattering from sea ice. The introduc-
tion of roughness by artificial means produced small-scale roughness similar, to a
large extent, to that observed on natural ice.

I
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The growth of a second sheet was started on 8 January. It was unseeded and
allowed to grow until it was about 16cm thick. Measurements were made at average
thicknesses of about 0"3, 0.9, 2-1, 5, 6. 6.5, 7, 7.5, II, 13. 14.5 and 16cm. Ambient
temperatures ranged from -8' to - 15'C during the experiment period. This sheet
was harvested on 14 January.

On 16 January a third and final sheet was initiated by spray seeding. The
measurements on this sheet were made at thicknesses of 11, 3-5, 4.1, 12-5, 13.5. 15.8,
18.4, 19.1, 32 and 36cm. This sheet was left in place until it rotted in March. The
crystalline structure of this ice as sampled on 21 January, when 93 cm thick, is
illustrated in figure 1 (a). Salinity profiles measured during the growth of this ice sheet
are presented in figure I (b) and (c). During the first month of the growth, the ice sheet
exhibited C-shaped profiles typical of Arctic sea ice. The C-shaped profile results from
high salinity at the top and bottom and this has been observed on the Arctic ice (Gow
1986). This ice sheet underwent periodic flooding from rain and snow-melt during the
latter part of February and early March. The downward percolation of the water
caused desalination of the ice sheet. This is similar to meltwater flushing of brine on
the Arctic sea ice.U
3. Sensor

The radar system we used in both the 1984 and 1985 experiments was a low-power
dual-antenna FM radar called SLEDSCAT. This system was capable of operation
over the frequency range from 4 to 18 GHz and was suitable for like and cross

polarized measurements over incidence angles from 0 to 60'. The antenna cluster
consisted of four rectangular pyramidal horns and a quad-ridge horn-fed parabola.
Two of the four horns were used for C band. The other two horns along with the
reflector were utilized for receiving and transmitting X- and Ku-band signals.

We calibrated the system internally in these experiments by connecting a delay line

of known loss between the transmitter and receiver and measuring the detector
output. We did this before and after each data run. Also at the beginning and end of
each experiment, we recorded returns from a Luneburg lens of known radar cross
section for converting data over the ice sheets to scattering coefficients. A detailed
description of the procedure used to convert measured returns to scattering co-
efficients is available in Onstott et al. (1982 b).3 The important system specifications are given in the table.

4.1. Beamshape correction
Radar return from an area extensive target is given by

PtGim~xGrma, 2 . r0'( 0
( d A (P 4 Jo J (i)

5 where P, is the transmitter power, P, is the received power, Gtm,, is the maximum gain
of the transmit antenna. G,.., is the maximum gain of the receive antenna. ; is the
wavelength of the transmitted radiation, a' is the scattering coefficient of the area
target. R is the range to the target and g, and g, are the relative gain functions of theI transmit and receive antenna, respectively.

Equation (1) is generally simplified assuming that the scattering coefficient is not a3function of the azimuth angle 0 and the received power is mainly from the illuminated
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area defined by the antenna half-power beamwidths. The simplified equation is U
S2 0.t2 52 g'g' a(O) dA (2)

For estimating a° from measured radar data, equation (2) is further simplified by
assuming that the variables are constant over the illuminated area. This assumption is
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Figure 1. (a) Vertical and bottom horizontal thin sections of saline ice crystal structure
photographed between crossed polarizers. Sample was taken from ice sheet 2 (seeded 16
January 1985) on 21 January 1985; ice thickness of 9-3 cm. (b) Salinity profiles during
various stages of growth of ice sheet 2. January-March 1985, C-shaped profiles closely
simulate those of Arctic first-year ice. (c) salinity profiles beginning with 28 February,
closely resemble those found in second-year Arctic ice.

3 referred to as the narrow beam approximation. The simplified equation is

I ~Pr = 
(tta~inA*i3)

where A, is the illuminated area. , ZO

From equations (2) and (3), we can obtain an expression suitable for determining

P./2 g' gt2 dA

= A{ ~(4)

where ao is the measured scattering coefficient and ao is the true scattering coefficient.
We measured the antenna patterns and fitted the measured mainlobe antenna3patterns with a Gaussian function of the form uW) = exp -k(O/Ob)]. We inverted

I
I
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System specifications.

Types FM-CW
Frequency range 4-17 GHz
RF bandwidth 400 MHz
Intermediate frequency (IF) 14.5 kHz
IF bandwidth 3-5 kHz
Polarization VV. HH. VH. HV
Antenna beamwidths

Azimuth 5
HH 18' , 6.20, 5.7' and 4.3: at 5-0. 9.6. 13.6 and 16.6GHz,

respectively
VV 18', 7.60, 6-7' and 5.3' at 5-0. 9.6, 13.6 and 16-6GHz,

respectively
Elevation

HH 180. 7.60, 6.2- and 5.2' at 5.0. 9.6. 13-6 and 16-6GHz,
respectively

VV 18%. 6.20. 5.70 and 4.3- at 5.0, 9.6, 13.6 and 16.6GHz,
respectively

Incidence angle range 0 to 60'
Calibration

Internal Signal injection
External 30cm diameter Luneburg lens

measured data using the narrow beam approximation equation. We fitted this data set I
with an exponential model of the form a'(0) = A exp (- 0/B). The constants A and B
are selected to obtain a best fit to the measured data. The parameter B is first
quantized into a finite set of {B1} and a a' table is generated on the basis of quantized
{Bi}. With A as a free parameter, we calculated the least-square error between the
measured a° and each element of the table. The constant B and corresponding A
which gave minimum least-square error among { B,} are selected as model parameters.

This model is then used to calculate the correction factor for the measured a'.

4.2. Non-overlap correction
Whenever dual-antenna radar systems are used for scattering measurements over

a wide range of incidence angles at short ranges. the transmit and receive antenna
beams may not fully overlap at all angles. as shown in figure 2. This introduces errors
in the estimation of illuminated area. We corrected this type of error using formulas I
reported by Moore (1985) for antenna patterns approximated by Gaussian functions.
For parallel Gaussian beams the correction factor is given by

C = exp • 2 '

P p(l + M) 1 (5)

where sp is antenna separation, k is a constant, m is the ratio of transmit and receive
antenna beamwidths and the subscript p refers either to the azimuth or the elevation

plane.
Since this type of error occurs both in the elevation and azimuthal planes, the total

correction factor is the sum of the individual correction terms in the elevation and the I
azimuthal plane.

CT = C. + C, (6)

I
I
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I/
I

Figure 2. Geometry of non-overlapping antenna patterns of a short-range radar.

I where CT is the total correction factor, C. is the correction factor in the azimuth
direction and C, is the correction factor in the elevation direction.

Figure 3 shows the uncorrected data as well as the data corrected both for beamI shape error and non-overlapping beam error at 96 GHz. The combined error is as
large as 5 dB near vertical and about I dB at angles greater than 35' . Some of the
scatter in data around the regression lines is from fading effects. The average error
over the entire angular region from fading is between -3.5 dB and 2.5 dB. Although
we could have reduced the non-overlapping beam error by selecting one of the
antennas so that its dimensions were half as small as those of the other, this would

I
25- Rough Ice HH-Pol g.6 GHzI 15 * Measured Valuesx

S ". x x Corrected for Antenna Separation

5- o Corrected for Antenna Separation and Narrow Beam- 9

.......- ---- ,..---'-'

*8 -25

-35..............I *1.. *. .

0 10 20 30 40 501 Incidence Angle (Degrees)

Figure 3. Effects of antenna separation and beam weighting on vertical polarization & angle
I response from first-year ice.

I
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have increased the effective beamwidths resulting in larger beam shape error as well as
illuminating the walls of the tank. Also, the use of large focused antennas was ruled
out by weight constraints imposed by the system. The combined error at 5 GHz is
much larger than that at 9.6GHz, but is smaller both at 13.6 and 16.6GHz. We
applied the same procedure to correct the data at 5 GHz. However, at 5GHz the
antenna beamwidth is very large and there is a large coherent component because of
the smooth ice surface. This made it difficult to obtain the true scattering coefficient
from the measured data at 5 GHz. A more accurate procedure that takes into account
the presence of coherent component and can be applied to 5 GHz data is discussed by I
Ulaby et al. (1983).

5. Measurement results and discussion i
5.1. Effect of ice growth

The effect of ice growth on backscattering at 5 GHz for vertical polarization is
illustrated in figure 4. The scattering coefficient increased rapidly with thickness for I
ice thicknesses jess than I cm and decreased with further growth for the next few
centimetres. The initial increase was as large as 5 dB at 30C. This increase is associated
with very high surface dielectric constant for very thin ice, which could be the result of
surface flooding or high surface salinity. During the initial growth brine is expelled
not only into the surrounding water, but also onto the ice surface. The ice surface is
also flooded with salt water through the holes created by the surface tension. For very
thin ice, surface salinities as large as 70 parts per thousand have been reported I
(A. Kovacs, personal communication, 1988). The high return is similar to that of
moderately thick ice. This has implications on discriminating very thin ice from
thicker types of ice. A similar effect was observed in field data analyzed by Parashar
(1974) and Livingstone et al. (1987).

I

, iS - 1 0 , - , ," A x .- x

a 
-----

...................
Ill ,.................... "- ......................... ... .. . .

0-20--.
d-- 20 Degree Incidence AngleB -25

-o- 30 Degree Incidence Angle
-30.

-35 , , , , , , I
05 10 15l

Ice Thicknees (cm)

Figure 4. Effects of ice growth on vertical polarization a' at 5-3GHz.
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25 ; x Smooth Ica NH-Pol 9. 6 Gz
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8 1 5 1 X.. 0
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Figure 5. Effects of surface conditions on backscatter angle response at 9-6 GHz.

5.2. Surface roughness and snow cover effectsIAngular responses of a' for smooth ice, rough ice and snow-covered ice at 9-6 and
13-6 GHz are shown in figures 5 and 6 respectively. These results are from the second
ice sheet investigated during the 1985 experiments. The snow on the ice sheet was dry
and about 4.5cm deep. The ice surface roughness was artificially induced using a
rake. At both 9.6 and 13-6GHz. rough ice returns were much higher than those from
snow-covered ice and smooth ice. The returns from snow-covered ice and smooth ice

25
x Smooth Ice HH-Pol 13.6 GHz

15 0 Rough Ice HH-Pol 13.6 GHz

S - Snow Covered Ice HH-Pol 13.6 GHz

9
S0

-.

0 0

00 20 30 40 5

Incidence Angle (Degrees)

Figure 6. Effects of surface conditions on backscatter angle response at 13-6GHz.
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were similar at 96 GHz, indicating that dry snow of less than 5 cm thickness has a
negligible effect on backscattering from sea ice at this frequency. However, at 1

13.6GHz, the presence of snow increased the backscattering from smooth ice by
about 3 dB for incidence angles greater than 200. This is the result of increased volume
scattering from snow at higher frequencies.

5.3. Polarization behaviour

Figures 7. 8 and 9 show the angular response of a' of smooth ice, rough ice and
snow-covered respectively. For smooth ice (figure 7), vertically-polarized returns are m
higher than horizontally polarized returns at large incidence angles, with the
separation becoming larger with the incidence angle. The cross-polarized scattering
coefficients are about 22dB lower than like-polarized values. These indicate that
backscattering is dominated by the surface. For smooth ice, the measured r.m.s. i
height is 0- !1 cm and the correlation length is about 23 cm. The validity conditions for
the small-perturbation model are ka < 0,3 and .1 2a 1 < 0.3. where k is the wave
number, a is the r.m.s. surface height and I is the correlation length. For smooth ice at
5-3 GHz these validity conditions are satisfield. This model correctly predicts mea-

sured angular response. However, this model does not predict depolarization charac-
teristics properly. The depolarized returns may be the result of a small amount of I
volume scattering from brine inclusions in the ice.

For rough ice, as shown in figure 8. like-polarized returns were similar in
magnitude over the entire angular range from 0 to 45 and the cross-polarization
echoes are about 12dB lower than the like-polarized ones. The measured surface
r.m.s. height is about 0-28 cm and the correlation length is 3 I cm. At 9.6 GHz. these
satisfy the validity conditions (k > 6 and P- > 2.76a;.) of the Kirchhoff model. This
model correctly predicts the observed polarization behaviour, However, this model I
predicts no depolarization. Thus, a combined volume and surface model similar to

that reported by Fung and Eom (1982) will have to be considered to explain the

x Smooth Ice VV-Pol 5 GHz

0 i Smooth Ice HH-Pol 5 GHz

S -- Smooth Ice VH-Pol 5 GHz 3
9_200
d

0 X X.-

d -30 f 
'b.

-40.

-0 10 40 50

Incidence Angle (Degrees)

Figure 7. Smooth ice backscatter angle response for various polarizations. m
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251 
Rough Ice VV-Pol 9.6 Ghz

15- o Rough Ice HH-Pol 9.6 5 Hz3 S Rough Ice VH-Pol 9.6 GHz
15

M

0......... ...... ............ 9.......... ...
d1

-25

3-35 10 -20 30 4a 50
Incidence Angle (Degr'ees)3Figure 8. Rough ice backscatter angle response for %arious polarizatnon~s

depolarization characteristics instead of a purel surface model as posulated b" KimIc u1 aL 1 984).
At incidence angles larger than 20 . the vertical polarization returns from snow-

covered ice were about 2 dB higher than those for horizontal polarization. The cross-

polarization scattering coefficients are about 10dB lower than scatte-ne coefficients
for vertical polarization. The higher vertically polarized echoes and lal ger depolarized
returns suggest volume scattering from snow.

I 'x Snow Cover-ed Ice VV-Pol 9.6 GHz

15-o Snow Cover-ed Ice HH-Pol 9.6 GHz3 Snow Covered Ice VH-Pol 9.6 GHz

a -5 a
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Figure 10. True scattering coefficients at 13.6GHz. VV polarization.

5.4. Comparisons ivith water
Scattering coefficients of smooth and rough ice are compared with those of open

water in figure 10. At vertical incidence. backscattering from open water is much
larger than that from smooth and rough ice surfaces. There is about 3 dB difference in I
scattering coefficients of smooth ice and calm water at large an les of incidence. This
is somewhat smaller than what has been observed in the field (Livingstone et al. 1987).
This could be the result of system sensitivity limitations. At incidence angles greater
than about 30 . rough ice returns are much larger than both smooth ice and calm I
water echoes.

6. Conclusions
This paper has shown the importance of careful use of measured antenna patterns

in scatterometer measurements, particularly on smooth surfaces, and has discussed
the backscattering properties of smooth, rough and snow-covered saline first-year ice.
An iterative method for correcting errors associated with wide beam antennas and
formulas for reducing errors introduced by non-overlapping beams are presented.
The effects of ice growth. roughness and snow cover on radar backscattering from
saline first-year ice and applicable models are discussed. The returns from saline ice
sheets are similar to those from very thin ice observed in the Arctic. The results
verified the field experiment findings that backscattering from saline ice is dominated I
by surface with a small contribution from the ice volume at large angles of incidence.
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-- 1. INTRODUCTION

There is an important need to acquire geophysically useful

3 information concerning the polar regions, particularly of sea ice,

through the interpretation of satellite data. Studies are ongoing to

understand the relationships between the physical properties and the

microwave signatures of first-year and old sea ice, and to produce a

more complete understanding of the parameters and processes which

effect the active and passive microwave signatures. In the pursuit of

these goals, the ability to make microwave measurements of sea ice in

* a laboratory-like environment was developed at the U.S. Army Cold

Regions Research and Engineering Laboratory (CRREL). A conclusion

* reached through discussion with both theoretical modelers and

experimentalists is the need to coordinate very detailed laboratory

type measurement investigations in which the physical properties

needed to validate the developing models are measured, and that those

persons developing models are fully aware of the constraints of what

can be measured. Similar discussions are summarized in the "Workshop

on Microwave Scattering and Emission from the Earth's Surface", Final

3 Report [1].

The microwave properties of artificial sea ice grown at CRREL

3 were investigated during the 1988 winter season. The sea ice facility

is comprised of a 5 m x 15 m outdoor tank of a 1.2 m depth filled with

sea water, a tent to protect the ice sheet from snow and rain, a

gantry-style instrument mounting structure, and heated working

environments in the immediate vicinity of the tank. The tank size,

determined by instrument and experiment needs, allows for the

acquisition of independent spatial samples and measurements at angles

from vertical to 600. These efforts, which are part of a new three-

year, laboratory-based investigation, are focused on understanding the

microwave signatures of sea ice; this will be accomplished by detailed

studies of the various aspects of backscatter and emission and through

I 1I
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I
the intercomparison of measured data and theoretical predictions. Two

strengths of the CRREL Ice Tank Facility are the ability to control I
the physical properties of the ice sheet and the time to rigorously

measure the physical and microwave properties of ice which closely 3
simulate that found in the Arctic.

Observations commenced with open water and continued until 15 cm 1
of sea ice was formed. During this investigation, detailed scene

characterizations were made. These included the standard array of

measurements (i.e., fabric of the ice sheet, the salinity, the I
density, the temperature, location of layers, and location of internal

inhomogeneities) and measurement of surface and interior ice sheet

statistics. These active microwave measurements were coordinated with

passive microwave observations, hence, a completely integrated

comparison of backscatter and emission may be made with theoretical

predictions. Physical properties which may influence backscatter and

emission were measured; these data or their derivatives provide the

critical inputs for the electromagnetic models. The roughness of the

ice surface is important in determining the general backscatter level I
for first year ice. Experiments were performed to study the change in

backscatter and polarization signatures with various roughness scales.

Effects of freeze and thaw conditions were also examined.

For this investigation, a polarization diversified scatterometer 3
has been enhanced by adding the sophistication necessary to measure

phase. Previous measurements have been made to describe the

noncoherent average scattering coefficients at VV, VH, HV, and HH

polarizations (i.e., VH indicates vertical transmit and horizontal

receive). This radar was used to measure the target scattering matrix I
(i.e., the matrix elements are the detected scattered fields at VV,

VH, HV, and HH polarizations) which allows the examination of the I
functional dependence of intensity on polarization. During CRRELEX,

polarimetric measurements were made at 1.8, 5, and 10 GHz in the

configuration shown in Figure 1. The polarimetric radar is briefly

2I
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m described in the next section of this report. In addition, millimeter

I wave data were collected at 18, 35, and 94 GHz using a noncoherent
radar. The microwave measurements and characterization measurements3 performed by ERIM during this investigation are summarized in Table 1.
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Table 1.

MICROWAVE AND ICE CHARACTERIZATION

MEASUREMENTS OF SEA ICE DURING CRRELEX '88

Scatterometer

Polarimetric:

Frequency 1.75, 5 and 10 GHz

Angles Vertical to 600

Height 3 m

Sampling Point and Power Spectrums

Non-Coherent:

Frequency 10, 18, 35 and 94 GHz

Angles 15 to 600

3 Height 3 m

Sampling Point and Transect

Characterization

Surface Roughness

Photography
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2. POLARIMETRIC RADAR DESCRIPTION

This polarimetric radar has been developed to operate at 1.8, 5,

and 10 GHz, and measures the amplitude and phase at four linear

transmit-receive polarizations--the elements of the target scattering

matrix. Designed for application in both the laboratory and the

field, the capable HP8510B network analyzer and HP8341B synthesized

frequency source serve as the heart of this system. This radar allows

the target scattering matrix (TSM) to be acquired through measurement;

hence, the description of the polarization properties of the scat-

tered field is complete. Measurements support studies which address

surface and volume scattering, repolarization, and depolarization.

The sensor is comprised of a synthesized frequency source, RF-

antenna packages (at each frequency), a three-channel frequency

converter, a network analyzer, system control circuitry, and a data

acquisition computer (see Figure 2). Simultaneous measurements may be

made at two frequencies. Each receiver is dual channel (See Figure

3); both vertical and horizontal polarizations are received

coincidentally. The TSM elements are acquired by transmitting using a

V-pol antenna and then an H-Pol antenna. The RF hardware is mounted

in temperature controlled enclosures. Clusters of four antennas are

mounted rigidly to these enclosures. Symmetry in the antenna cluster

and RF hardware provides short, nearly identical electrical paths;

further adjustment of channel balance was not required and the data

acquisition software remained relatively uncomplicated and inherently

quicker. The oscillator which is shared by each transmitter and

receiver determines the RF frequency and also provides the phase

3reference. A swept IF signal (1-2 GHz) is provided for the up

conversion at the transmitters. The RF and antennas are separated

3i from IF processing by a distance of 13 meters. Losses and phase

errors due to cable flexure were kept small by selecting the low IF

3 frequency and using helix type cable.

*7
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Directional Power RADAR 1

Sourc -4.THA

H P 3,11 B I Chanel olRVA

I RHA

HP 851~A b2 H Pal. Rec.

Co to/ o e I

RADAR2I
TVA

S~.em_____THA

mFCanl4 RHA3
aon trol/Powver

TVA = Trns. Vert. Antenna; THA Trans. Hariz. Antenna;
RVA = Rcc. Vert. Antenna-, RHA = Rec. Hariz. Antenna

Figure 2. Polarimetric Radar System ConfigurationI
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3 Figure 3. Polarimetric Radar RF/IF Diagram
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Data acquisition procedures greatly impact measurement accuracy.

As backscatter levels become very small, locating the target returns

in each of the four channels so that narrow range gates may be posi-

tioned precisely requires increased sophistication.
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3. MEASUREMENT GOALSI

There are two particularly interesting aspects to the acquisition

3 of polarimetric radar data. One, of course, is to examine the utility

of such a sensor to provide additional information. For example, by

examining the phase difference and correlation between the returns at

I like polarization we hypothesize that information concerning the

preferred geometric orientations or internal anisotropic physical-

3 dielectric properties will be retrieved unambiguously. With a

complete description of polarization properties there should be an

increase in the number of ice forms that may be categorized and that

computer algorithms may be simplified because of the ability to better

select an optimum set of parameters from the scattering matrix.

Resolution requirements may be able to be relaxed because of

improvements in discrimination capability. A second aspect involves

- the modeling of ice forms from new to young first-year ice. A major

question here is prompted by the apparent ability to adequately model

3 what appear to be a lossy dielectric half-space with using either

surface scattering and a volume scattering model approachs. In the

case of surface scattering, the key model parameters include the

complex permitivity of the ice sheet and the surface roughness

statistics (i.e. the spatial correlation length and the rms height).

The key parameters in the volume scattering model approach include

describing the ice sheet as an anisotropic medium due to the enclosed

I brine pockets with a random permittivity with a tilt angle and a
three-dimensional correlation function with a variance, and horizontal

Sand vertical correlation lengths. These two approaches are modeled in

Figure 4. One of the goals of this investigation is to validate these

3 competing approaches.

I
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Figure 4. Surface and Volume Scattering Model Approximation Used I
to Describe the Backscatter of New and Young First-Year

Ice. I
12 5

I



* ORIM

4. OBSERVATIONS

An ice sheet was allowed to grow over a 2-month period.

Observations were made of open water, 5-mm thick new ice, 8-cm thick

grey ice, 12-cm thick grey ice which had a rough, air-ice interface

3 (rms roughness of about 0.5 cm), and 12-cm thick grey ice with a

liquid film water on its surface, and 20-cm thick ice which had

undergone desalination and showed some of the characteristics

associated with multiyear. These observations are summarized in Table

2.

3. During the period from 11 to 18 January, air temperatures ranged

from -26oC to 20 C and ice surface temperatures from -160C to -1.80C

* (See Figure 5). The second ice sheet from which the data provided in

this report were obtained, grew to about 15 cm. Its growth time plot

is provided in Figure 6. Salinity profiles of the ice sheet were

obtained in two locations by Tony Gow, (CRREL) for the period from 14

January to 8 February. These salinity versus depth data for the north

Uand south ends of the tank are included in Figures 7 and 8,
respectively. They are also provided in tabular form in Table 3.

Temperature profile data (courtesy of Tony Gow, CRREL) for the period

from 12 to 28 January is found in Figure 9. Surface roughness data

were acquired for the calculation of roughness statistics. In Table

4, the statistical characterization of surface roughness are provided

in terms of the surface height root-mean-square (rms) deviation and

correlation length. The number of samples and length of samples

prepared are also included.

I
U
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Table 2. 1
OBSERVED SCENES DURING 1988

I
Open Water (0 = 45 to 55 Degrees)

New Ice (A z 5 mm) 1
Grey Ice (A z 12 cm) 1

Rough Grey Ice (A z 12 cm) With 1 cm Roughness Elements I

Rough Grey Ice (A z 12 cm) With 2 cm Roughness Elements 3
Warm Grey Ice (A z = 12 cm) 3

Desalinated Grey Ice (A z - 20 cm)

I
I
I
I
I
I
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C CRRELEX '88 ICE TEMP VS TIME (January)

0

-5I a a

o3 1
-<0 0

-0
_ _0

Ice: -1.8" C to -160 C
i 4 15 16 17

I TIME (Days)

3 CRRELEX '88 AIR TEMP VS TIME (January)

I5-
0)

C

* -'5 a

5 Air: -26' C to 20 C
-30'

3 14 15 1( 17 8
TIME (Days)

I

U

i
3 Figure 5. CRRELEX '88 Ice and Air Temperature for the Period From 11

to 18 January
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CRRELEX 88 ICE THICKNESS VS TIME (January)
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Figure 6. CRRELEX '88 Ice Thickness Growth-Time Response for 12 to 18
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3 Figure 7. Salinity: ONR '88 Sheet #2 North End of Tank
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ONR-B8 Sheet 2 South
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Figure 8. Salinity: ONR '88 Sheet #2 South End of Tanka
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I Table 3.
SALINITY PROFILE DATA FROM 14 AND 15 JANUARY

I DURING CRRELEX '88

I
Sheet 2

Deth Range S0/00 Date Deth Range S0/00

14 January 0-1 9.1 14 January 0-1 10.1

(North) 1-2 7.2 (South) 1-2 7.0

2-3 9.9 2-3 11.0

3 3-4 9.4 3-4 11.2

4-5 9.3 4-5 11.5

3 5-6.5 10.7 5-6.5 10.8

15 January 0-1 17.8 15 January 0-1112 10.3

(North) 1-2 8.4 (South) 11/2-3 8.6

2-3 10.0 3-4 10.4

3-4 8.8 4-5 10.0

4-5 7.8 5-6 9.1

5-6 6.2 6-7 7.5

6-7 5.8 7-8 6.6

7-8 6.3 8-9 6.2

8-9 6.6 9-10 6.5

9-10 7.7 10-11 6.6

10-11.5 9.0 11-12 6.7

Ice Growth Began 11 January 1988 at 2030.
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Temperatures frau ice *hoot 2 CRPELEX 88

12 Jan 27 Jan

14 Jan

-5- 15Ja
-10,-2 a

1 - 1 o 53 50
15 Joni 1000 (10.8)I
27 Jon 1200 (20.0)

-20

-25

-21 -18 -15 -12 -9 -6 -31

Temperature 0C

Figure 9. CRRELEX '88: Temperature Profiles for Ice Sheet 2 for the
Period from 12 to 28 January3

20



I

L- ERIM

I
Table 4.

I CRRELEX '88
SURFACE ROUGHNESS RESULTSI

Date TAZ - To Z ice I Samples Samp;e Lengths Comments
-hr- 17n- cm - ncm-

I 14Jan 63 5 6 5 0 048 0 669 1 25 Top Surface

14 Jan 63 5 -3 5 -D 048 0 821 1 24 Bottom Surface

16Jan 113 3 C ' 635 3 20
-.33 370

15 Jan 99 8 0 544- 1 481± 4 2-to55 Ice Roughened

:53 334 Using C'bed Ice (2 Layers)

15Jan 6 5 0 611: 2 157: 2 Ice Rougnened
X'5 862 Using Cubed Ice (l Laven

I
I
I
I
I
I
I
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5. DATA SET DESCRIPTION

Included in this data report are data acquired on the 14th and

15th of January. A two part experiment series was performed in which

an ice sheet, with its physical-electrical-chemical properties

changing slowly over time, was observed and then modified by adding a

layer of cold fresh water ice cubes, and then observed again to

determine the effect in the change in surface roughness. Photographs

l of cross-section cuts made from ice slabs retrieved before and after

the c.bes were placed on the surface are shown in Figures 10 and 11.

Radar measurements were made at 5.. and 10.0 GHz and have been

included here. Data description parameters for these two scenes are

summarized in Tables 5 and 6. In the processing of these data the

target scattering matrices were calibrated based upon data collected
from trihedral corner reflectors, dihedrals oriented at 22.50, and

dihedrals oriented at 450 . For the scenes, in this case the smooth

grey ice sheet, in which the ice sheet is very smooth and produced

specular backscatter responses, the near nadir response caused by the

convolution of the coherent scattering cross-section response and the

system radiation pattern response was determined and extracted to

obtain true scattering cross-sections. A paper is being written to

detail the operations performed here. Averages of the scattering

matrices generated from independent spatial samples are provided in

the form of covariance and Mueller matrices using the forms provided

in Figure 12. Angular response plots of the radar scattering

coefficients are provided in Appendix A. A comparison between the

very rough and slightly rough ice scenes at C- and X-band are shown in

Figure 13 to 22 for illustration. The covariance and Mueller matrix

data are provided in Appendix B.

I
I 23
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Figure 11. Vertical Thick Section Showing the Air-Ice Interface

for Very Rough Grey Ice on 15 January 88
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Table 5. Grey Ice Sheet Observations on 14 January 1988

Date 14 January 88 1

Time Period 1910 to 2300

Scene Bare Grey Ice (Sheet #2)

Age 70 hours

Thickness 75 mm 1

Roughness

Height 0.048 cm rms 3
Correl. Length 0.669 cm

Tair -23.5 0C to -26.6 0C

Tice -16.0oC

I
Table 6. Rough Grey Ice Sheet Observations on 15 January 1988

Date 14 & 15 January 88

Time Period 2300 to 0130

Scene Rough Grey Ice (Sheet #2) I
Age 100 hours

Thickness 132 mm

Roughness Cubes Formed 2.5 cm Thick Layer I
Height 0.544 + .053 cm rms

Correl. Length 1.481 + .334 cm

Tair -14.620C to -18.1 0C

Tice -8.00C (T=2016)

2
26 I
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K Figure 12. Forms of the modified Mueller M and covariance C matrices
where fpq denotes the complex amplitude information which is a function
of 'he polarizations p and q. The letters h and v denote horizontal
and vertical, respectively.
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VR-Very Rough

20 SR-Slightly Rough
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Figure 13: Radar scattering coefficient response for ice with a very
rough surface (VR) and slightly rough surface (SR) for like and cross
polarizations at 5.0 GHz.
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Figure 14: Radar scattering coefficient response for ice with a very I
rough surface (VR) and slightly rough surface (SR) for like and cross
polarizations at 10.0 GHz. m
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Figure 15: Depolarization response (VV + HH)/ (VH + HV) for ice with a
very rough surface (VR) and slightly rough surface (SR) for like and
cross polarizations at 5.0 GHz.
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Figure 16: Depolarization response (VV + HH)/ (VH + HV) for ice with avery rough surface (VR) and slightly rough surface (SR) for like andcross polarizations at 10.0 GH7.
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Figure 17: Phase difference (HH - VV) response for ice with a very rough
surface (VR) and slightly rough surface (SR) for like and cross
polarizations at 5.0 GHz.
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Figure 18: Phase difference (HH - VV) response for ice with a very rough
surface (VR) and slightly rough surface (SR) for like and crossI
polarizations at 10.0 GHz.
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Figure 19: Copolarization response (VV / HH) for ice with a very rough
surface (VR) and slightly rough surface (SR) for like and cross
polarizations at 5.0 GHz.
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Figure 20: Copolarization response (VV / HH) for ice with a very rough
surface (VR) and slightly rough surface (SR) for like and cross
polarizations at 10.0 GHz.
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Figure 21: Correlation coefficient response for ice with a very rough
surface (VR) and slightly rough surface (SR) for like and cross
polarizations at 5.0 GHz.
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Figure 22: Correlation coefficient response for ice with a very rough d
surface (VR) and slightly rough surface (SR) for like and cross
polarizations at 10.0 GHz.
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6. CONCLUSIONSI
Absolute backscatter levels for new to grey ice are small, except

for the large, coherent returns at vertical. The backscatter

responses of new, grey, rough grey, and desalinated first-year ice at

linear polarization were found to be dissimilar. This was further

demonstrated by examining their polarization signatures.

Results show that, in general, the backscatter response at VV and

HH polarizations are similar at angles from vertical to 40 degrees,

with the possibility of a few dB of spreading at the larger angles.

Examination of the change in the Fresnel reflection coefficients at

large angles explain the degree of separation. The nearly identical

returns at VH and HV suggest reciprocity, i.e., that VH = HV. The

rapidly decaying angular response and the large separation between

like and cross polarized returns, especially between vertical to 20

degrees, are characteristic of scatter from a dielectric with a smooth

surface in which there is sufficient penetration to produce a small

volume scatter. This is necessary to generate the cross-polarized

return. Study of the measurement system response to cross-

j polarization isolation will also be required to validate these

conclusions.

3
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APPENDIX 
A

Average Radar Scattering Cross-Section and Phase Difference
(HH/VV) Angular Response Data for 14 and 15 January 1988.
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Average MueMer and Covariance Matrix Data for 14 and 15 JanuaryI 1988.
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01_14_A RUN: 0011 C BAND DATE: JAN 14 TIME: 21:30:00 INANG: 0.0
Average Mueller matrix file3
Number of samples = 1

Average Mueller matrix:I

0. 1364583E+02 0. 7998347E-03 -0. 3888219E-01 -0-9696692E-01
0. 1285287E-03 0. 1324342E+02 0.2364647E-01 0.3380832E-01

0.4800609E-01 -0. 7660916E-01 0. 1344329E+02 -0.2683505E-03
0.6863627E-01 -0. 1910529E+00 -0.2683505E-03 0. 1344329E+02

Standard Deviation of Mueller matrices:

0. OOOOOOOE.00 0. OOOOOOOE+00 0 .OOOOOOOE.00 0. OOOOOOOE+00
0. OOOOOOOE.00 0. 0000000E+00 0. OOOOOOOE+00 0. 0000000E.00
0. OOOOOOOE+00 0. 0000000E+00 0. OOOOOOOE+00 0. OOOOOOOE+00
0. OOOOOOOE+00 0. 0000000E+00 0. OOOOOOOE+00 0. OOOOOOOE+003

Average Covariance Matrix (dB,Phase)

11.351 0.00 -13.780 -55.03 11.284 0.001
-13.780 55,03 -38.911 0.00 -13.845 55.03
11.284 0 00 -13.845 -55.03 11.219 0.003

Average Covariarce Matrix (Mag,Phase)

13.650 0.00 0.042 -55.03 13.440 0.005
0.042 55.03 0.000 0.00 0.041 55.03
13.440 0.00 0.041 -55.03 13.240 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.003
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polarimetric Discriminants:

1. RCS VV 11.22 dBI
2. RCS HH 11.35 dB
3. RCS X -33.33 dB3
4. Copolarization Ratio 0.13 dB
5. Depolarization Ratio 44.62 dB
6. Total Power 14.30 dB

7. Phase Relative to VV 0.00 degrees

8. Correlation Coeff. 1.000

B-23



01_14_A RUN: 0010 C BAND DATE: JAN 14 TIME: 21:20:00 INANG: 4.7
Aveiage Mueller matrix file

Number of samples = 1

Average Mueller matrix:

0. 1976969E-01 0.2415461E-02 -0.5134582E-02 -0.4624822E-02
0. 1358313E-02 0 .2013725E-01 -0. 1369482E-02 0.5047495E-02
-0.3531116E-02 -0.9557330E-02 0.2148266E-01 -0.2501096E-02
0.9743971E-02 -0.1015974E-01 0.7964446E-03 0.2148266E-01

Standard Deviation of Mueller matrices:

0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+0O
0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0.0000000OE+00
0. OOOOOOOE+00 0 OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00
0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

j-17.040 0.00 -22.855 -109.92 -17.001 -4.74
-22.855 109.92 -28.671 0.00 -22.816 105.18
-17.001 4.74 -22.816 -105.18 -16.959 0.00

I Average Covariance Matrix (Mag,Phase)

0.020 0.00 0.005 -109.92 0.020 -4.74I0.005 109.92 0.001 0.00 0.005 105.18
0.020 4.74 0.005 -105.18 0.020 0.00

I Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00I0.000 0.00 0.000 0.00 0.000 0.00

0.000 0.00 0.000 0.00 0.000 0.00

Polar imetric Di scr iminants:

I1. RCS VV -16.96 dB
2. RCS HH -17.04 dB
3. RCS X -27.24 dB
4. Copolarization Ratio -0.08 dB
5. Depolarization Ratio 10.24 dB

6. Total Power -13.60 dBI7. Phase Relative to VV -4.74 degrees
8. Correlatio.i Coeff. 1.000

I B- 3



01_14_A RUN: 0009 C BAND DATE: JAN 14 TIME: 21:12:00 INANG: 10.2
Average jMueller matrix fileI
Number of samples 1

Average Mueller matrix:

0. 1116863E-01 0.6966266E-03 -0.5307955E-03 0.2738361E-02

0.6180162E-03 0. 1584893E-01 0.9061458E-03 0.2995630E-02I
0. 1215931E-02 -0. 1654924E-02 0.1262487E-01 -0.7730430E-03
0.5111858E-02 0.6436177E-02 0.8282249E-03 0. 1262487E-01

Standard Deviation of Mueller matrices:

0. 0000000E.00 0. 0000000E+00 0. OOOOOOOE.00 0. OOOOOOOE+00
0. 0000000E+00 0. 0000000E+00 0. OOOOOOOE+00 0. 0000000E+00
0. OOOOOOOE+OO 0. OOOOOOOE+OO 0. OOOOOOOE.00 0. OOOOOOOE.00
o .OOOOOOOE.00 0. 0000000E+00 0. OOOOOOOE+00 0. OOOOOOOE+003

Average Covariance Matrix (dBPhase)

-19.519 0.00 -25.805 -76.62 -18.760 -3.45I
-25.805 76.62 -32.090 0.00 -25.045 73.17
-18.760 3.45 -25.045 -73.17 -18.000 0.00

Average Covariance Matrix (Mag,Phase)

0.011 0.00 0.003 -76.62 0.013 -3.45I
0.003 76.62 0.001 0.00 0.003 73.17
0.013 3.45 0.003 -73.17 0.016 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.003
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.003

Polar imetric Discr imi nants:3

1. RCS VV -18.00 dB
2. RCS HH -19.52 dB
3. RCS X -31.82 dB3
4. Copolarization Ratio -1.52 dB
5. Depolarization Ratio 13.13 dB
6. Total Power -15.48 dB3
7. Phase Relative to VV -3.45 degrees
8. Correlation Coeff. 1.000

B- 4I



01_14_A RUN: 0008 C BAND DATE: JAN 14 TIME: 21:00:00 INANG: 19.6
Average Mueller matrix file
Number of samples = 1

Average Mueller matrix:

0.5176069E-02 0.4528977E-03 -0.4061349E-04 0. 1530549E-02
0.1109175E-02 0.3775723E-02 -0.2007123E-02 0.3992416E-03
-0.4603730E-02 0. 1528286E-03 0.4226176E-02 -0.3105708E-03
0. 1330539E-02 0.2610883E-02 -0. 1061179E-02 0.4226176E-02

Standard Deviation of Mueller matrices:

0. 00000006.00 0.00000006.00 0. 00000006.00 0. OOOOOOOE.00
0. 00000006.00 0.00000006.00 0.0000000OE+.00 0. 00000006.00
0.00000006.00 0. 00000006.00 0. 0000000600 0. 00000006.00
0.00000006.00 0.00000006.00 0 .OOOOOOOE+00 0.00000006.00

Average Covariance Matrix (dB,Phase)

-22.860 0.00 -26.205 -163.88 -23.545 4.87
-26.205 163.88 -29.551 0.00 -26.890 168.75
-23.545 -4.87 -26.890 -168.75 -24.230 0.00

Average Covariance Matrix (Mag,Phase)

0.005 0.00 0.002 -163.88 0.004 4.87
0.002 163.88 0.001 0.00 0.002 168.75
0.004 -4.87 0.002 -168.75 0.004 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polarimetric Discr iminants:

1. RCS VV -24.23 dB
2. RCS HH -22.86 dB
3. RCS X -31.07 dB
4. Copolarization Ratio 1.37 dB
5. Depolarization Ratio 7.58 dB
6. Total Power -19.78 dB

7. Phase Relative to VV 4.87 degrees
8. Correlation Coeff. 1.000

B-5



01_14_A RUN: 0007 C BAND DATE: JAN 14 TIME: 20:45:00 INANG: 29.5
Average Mueller matrix file
Number of samples = 9

Average Mueller matrix:

0. 3392237E-02 0. 2123712E-03 0.3244430E-03 -0. 1544954E-04
0. 2997580E-03 0.2732587E-02 -0.9584693E-04 0.4071987E-03

0. 1865634E-03 0.2733726E-03 0.2402951E-02 0.5288879E-04
0. 7880249E-03 -0.9766961E-05 -0.355F640E-04 0.2402951E-02

Standard Deviation of Mueller matrices:I

0. 5705443E-03 0. 9523863E-04 0.3664935E-04 0. 1027911E-02
0.5997397E-03 0.2164184E-04 0.1663427E-02 0.2653654E-03I
0.3341917E-02 0.7767264E-03 0.1115412E-02 0.1349563E-02
0.5565481E-03 0.1502253E-02 0.5257352E-03 0.1115412E-023

Average Covariance Matrix (d8,Phase)

-24.695 0.00 -33.926 -76.68 -26.255 1.07I
-33.926 76.68 -35.232 0.00 -33.785 103.24
-26.255 -1.07 -33.785 -103.24 -25.634 0.003

Average Covariance Matr'x (Mag,Phase)

0.003 0.00 0.000 -76.68 0.002 1.07
0.000 76.68 0.000 0.00 0.000 103.24
0.002 -1.07 0.000 -103.24 0.003 0.00

Standard Deviation of Covariance matrices:

0.001 0.00 0.002 -9.46 0.001 -49.073
0.002 9.46 0.001 0.00 0.002 -9.06
0.001 49.07 0.002 9.06 0.000 0.00

Polarimetric Di scr imi nants:

1. RCS VV -25.63 dB
2. RCS HH -24.70 dB
3. RCS X -35.92 dB
4. Copolarization Ratio 0.94 dBI
5. Depolarization Ratio 10.78 dB
6. Total Power -21.78 dB
7. Phase Relative to VV 1.07 degreesI

8. Correlation Coeff. 0.778

B- 6



01_14_A RUN: 0005 C 8AND DATE: JAN 14 TIME: 20:20:00 INANG: 40.3
Average Mueller matrix file
Number of samples =1

Average Mueller matrix:

0.1145513E-02 0.1479109E-03 -0.3314410E-03 0.2440916E-03
0.2312064E-03 0.2009093E-02 -0.4504516E-03 -0.5114767E-03
-0.7341283E-03 -0.8290401E-03 0. 1696179E-02 0. 1354098E-03
-0. 7214260E-03 0. 7080670E-03 -0. 8310520E-04 0. 1696179E-02

Standard Deviation of Mueller matrices:

0.0000000E+00 0.0000000E.00 0.0000000E.00 0.0000000E.00
0.OOOOOOOE.00 0.OOOOOOOE+00 0.0000000E+00 0.0000000E+00
0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0 .OOOOOOOE+00
0. OOOOOOOE.00 0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

-29.408 0.00 -32.885 135.50 -28.190 4.13
-32.885 -135.50 -36.360 0.00 -31.665 -131.37
-28.190 -4.13 -31.665 131.37 -26.970 0.00

Average Covariance Matrix (Mag,Phase)

0.001 0.00 0.001 135.50 0.002 4.13
0.001 -135.50 0.000 0.00 0.001 -131.37
0.002 -4.13 0.001 131.37 0-002 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polar imetric Discriminants:

1. RCS VV -26.97 dB
2. RCS HH -29.41 dB
3. RCS X -37.22 dB
4. Copolarization Ratio -2.44 dB
5. Depolarization Ratio 9.20 dB
6. Total Power -24.52 dB
7. Phase Relative to VV 4.13 degrees
8. Correlation Coeff. 1.000

B- 7



01_14_A RUN: 0004 C BAND DATE: JAN 14 TIME: 20:00:00 INANG: 49.3

Average Mueller matrix fileI

Average Mueller matrix:

0.5308844E-03 3.8184647E-03 -0.3015116E-03 0,5861747E-03
0. 1250259E-03 0. 1465547E-02 0.3534895E-03 0.2414055E-03
-0.5135536E-03 -0.4471863E-03 -0.5628178E-03 -0.8505330E-03
0.4195106E-04 -0.2144299E-02 0.2596681E-03 -0.5628178E-03

Standard Deviation of Mueller matrices:

0. OOOOOOOE+00 0.O00000OE+00 0. OOOOOOOE+00 0. OOOOOOOE.00
0.0000000E.00 0.OOOOOOOE+00 0.OOOOOOOE+00 0.OOOOOOOE+00
0. OOOOOOOE.00 0 OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00
o .OOOOOOOE+00 0 0000000E+00 0. OOOOOOOE+00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

-32.750 0.00 -35.890 -175.33 -30.545 -141.00I
-35.890 175.33 -39.031 0.00 -33.685 34.33
-30.545 141.00 -33.685 -34.33 -28.339 0.003

Average Covariance Matrix (Mag,Phase)

0.001 0.00 0.000 -175.33 0.001 -141.001
0.000 175.33 0.000 0.00 0.000 34.33
0.001 141.00 0.000 -34.33 0.001 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.003
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polar imetr ic Di scr imi nants:

1. RCS VV -28.34 dB
2. RCS HH -32.75 dB
3. RCS X -33.26 dB4. Cpola iza ion ati -4.1 d
4. Copolarization Ratio -4.41 dB

6. Total Power -25.32 dB

7. Phase Relative to VV -141.00 degrees

8. Correlation Coeff. 1.000

B- 8



01_14_A RUN: 0003 C BAND DATE: JAN 14 TIME: 19:40:00 INANG: 59.5
Average Mueller matrix file
Number of samples =1

Average Mueller matrix:

0. 2009093E-01 0.8147043E-03 0.2617867E-03 -0.4037281E-02
0. 1682675E-02 0.3589218E-02 -0.2162176E-02 -0.1168109E-02
-0. 1158789E-01 -0. 1162424E-02 0.7609494E-02 0.455492SE-02
-0.9730631E-03 -0.3216423E-02 -0.2239013E-02 0.7609494E-02

Standard Deviation of Mueller matrices:

0.OOOOOOOE.00 0.OOOOOOOE+00 0.OOOOOOOE.00 0.OOOOOOOE+0O

0. OOOOOOOE.00 0. OOOOOOOE-00 0. OOOOOOOE.00 0 .OOOOOOOE+0O
0. OOOOOOOE+00 0 .0000000E.*00 0 .0000000E.00 0 .0000000E400
0. OOOOOOOE+00 0. 00000000 0 .OOOOOOOE+00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

-16.970 0.00 -22.355 175.20 -20.710 23.58
-22.355 -175.20 -27.739 0.00 -26.095 -151.62
-20.710 -23.58 -26,095 151.62 -24.450 0.00

Average Covariance Matrix (MagPhase)

0.020 0.00 0.006 175.20 0.008 23.58
0.006 -175.20 0.002 0.00 0.002 -151.62
0.008 -23.58 0.002 151.62 0.004 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polar imetr ic Di scr imi nants:

1. RCS VV -24.45 dB
2. RCS HH -16.97 dB
3. RCS X -29.04 dBI4. Copolarization Ratio 7.48 dB
5. Depolarization Ratio 9.77 dB
6. Total Power -15.82 dBI7. Phase Relative to VY 23.58 degrees
8. Correlation Coeff. 1.000

B- 9



01_14_A RUN: 0011 X BAND DATE: JAN 14 TIME: 21:30:00 INANG: 0.0
Average Mueller matrix fileI

Average Mueller matrix:3

0 .6039485E+03 0.2113489E-01 -0.3439773E+01 0.9655808E+00
0,2421029E+01 0.3664375E+03 0.2707741E+02 -0.1240844E+023
0.6952439E+02 -0.5358704E+01 0.4702628E+03 0. 1463063E+00
-0.3186011E+02 0.1504245E4-01 0.1463063E+00 0.4702628E+03

Standard Deviation of Mueller matrices:

0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE.00 0. OOOOOOOE.00O.OOOOOE00 .OOOOOE+0 OOOOOOE+0 OOOOOOO+I
0. OOOOOOOE.00 0. 0000000E400 0. OOOOOOOE+00 0. OOOOOOOE+00

0. 0000000[+00 0. 0000000E.00 0. OOOOOOOE+00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

27.810 0.00 15.825 24.62 26.725 0.00I
15.825 -24.62 3.840 0.00 14.740 -24.62
26.725 0.00 14.740 24.62 25.640 0.00

ierage Covariance Matrix (Mag,Phase)

603.900 0.00 38.236 24.62 470.400 0.00I
38.236 -24.62 2.421 0.00 29.788 -24.62

470.400 0.00 29.788 24.62 366.400 0.003

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.003
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polar imetric Di scr im inants:

1. RCS VV 25.64 dB
2. RCS HH 27.81 dB
3. RCS X 0.87 dB3
4. Copolarization Ratio 2.17 dB
5. Depolarization Ratio 25.99 dB
6. Total Power 29.88 dB3
7. Phase Relative to VV 0.00 degrees
8. Correlation Coeff. 1.000
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01_14_A RUN: 0010 X BAND DATE: JAN 14 TIME: 21:20:00 INANG: 4.7
Averag e Mueller matrix file
Number of samples = 1

Average Mueller matrix:

0. 1002306E-09 0. 1140250E-01 -0. 1062599E-05 -0.1173122E-06
0. 1538155E-01 0. 1002306E-09 0.2774105E-06 0. 1210267E-05

0.4950917E-06 -0.2118782E-05 -0.1200284E-02 -0.1318891E-01
0.2433453E-05 -0.2868474E-06 -0. 1318891E-01 -0. 1200284E-02

Standard Deviation of Mueller matrices:

o .OOOOOOOE+00 0. OOOOOOOE.00 0. OOOOOOOE+00 0. OOOOOOOE.00I.OOOE0 .OOOE-0 .OOOE0 .OOOE0
0. OOOOOOOE+00 0. 0000000&-00 0. OOOOOOOE+00 0. OOOOOOOE+00

0. OOOOOOOE+00 0. 0000000E-00 0. OOOOOOOE+00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

-99.991 0.00 -59.059 -78.50 -99.990 -1.41
-59.059 78.50 -18.130 0.00 -59.061 77.09I-99.990 1.41 -59.061 -77.09 -99.991 0.00

Average Covariance Matrix (Mag,Phase)

I0.000 0.00 0.000 -78.50 0.000 -1.41
0.000 78.50 0.015 0.00 0.000 77.09
0.000 1.41 0.000 -77.09 0.000 0.00

I Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polarimetric Di scr iminants:

I1. RCS VV -99.99 dB
2. RCS HH -99.99 dB
3. RCS X -18.73 dBI4. Copolailzation Ratio 0.00 dB
5. Depolarization Ratio -81.26 dB
6. Total Power -15.72 dB
7 . Phase Relative to VV -1.41 degrees
8. Correlation Coeff. 1.000

I B-li
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01_14_A RUN: 0009 X BAND DATE: JAN 14 TIME: 21:12:00 INANG: 10.2
Average Mueller matrix file
Number of samples = 1

Average Mueller matrix:

0. 1002306E-09 0.9225712E-03 -0.3039816E-06 0.8066253E-08
0. 7277799E-02 0. 1002306E-09 -0.8033883E-06 -0.2898713E-06

-0. 1652858E-05 -0.6039741E-06 0.2523761E-02 0.5872971E-03
-0.4311533E-06 0.7137822E-07 0.5872971E-03 0.2523761E-02

Standard Deviation of Mueller matrices:

0.0000000E+00 0.0000000E+00 0.OOOOOOOE+00 0.0000000E+00
o .000000E+00 0. 0000000E+00 0. OOOOOOOE+00 0. OOOOOOOE+00I
0. 0000000E+00 0. OOOOOOOE.00 0. 0000000E+00 0. 0000000E+0O
o .000000E+00 0. 0000000E+00 0 0000000E+00 0. OOOOOOOE+00

Average Covarlance Matrix (dB,Phase)

-99.991 0.00 -60.685 165.38 -99.990 5.22U
-60.685 -165.38 -21.380 0.00 -60.685 -160.16
-99.990 -5.22 -60.685 160.16 -99.991 0.00

Average Covariance Matrix (Mag,Phase)

0.000 0.00 0.000 165.38 0.000 5.22
0.000 -165.38 0.007 0.00 0.000 -160.16
0.000 -5.22 0.000 160.16 0.000 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polar imetric Di scr imi nants:

1. RCS VV -99.99 dB
2. RCS HH -99.99 dB
3. RCS X -23.87 dB

4. Copolarization Ratio 0.00 dB
5. Depolarization Ratio -76.12 dB
6. Total Power -20.86 dB
7. Phase Relative to VV 5.22 degreesI

8. Correlation Coeff. 1.000
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01_14_A RUN: 0008 X BAND DATE: JAN 14 TIME: 21:00:00 INANG: 19.6
Average Mueller matrix file
Number of samples = 1

Average Mueller matrix:

0. 3111716E+00 0. 5584705E-03 -0. 1292612E-01 0.2587588E-02
0.4897790E-02 0.9225715E+00 -0.1173044E-01 0.6618880E-01
-0. 1343735E-01 -0.4449225E-01 0.5357543E+00 -0.344167BE-03
0. 7691326E-01 0.9019715E-02 -0.2962562E-02 0.5357543E+00

Standard Deviation of Mueller matrices:

0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE.00 0. OOOOOOOE+00
0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00
o .OOOOOOOE+00 0. OOOOOOOE.00 0. OOOOOOOE.00 0. OOOOOOOE+00
0.ooOOOoOE+oO 0.OOOOOOOE+00 0.OOOOOOOE+00 0.OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

-5.070 0.00 -14.085 -g'V.9i -2.710 0.14
-14.085 99.91 -23.100 0.00 -11.725 100.05
-2.710 -0.14 -11.725 -100.05 -0.350 0.00

Average Covariance Matrix (Mag,Phase)

0.311 0.00 0.039 -99.91 0.536 0.14
0.039 99.91 0.005 0.00 0.067 100.05
0.536 -0.14 0.067 -100.05 0.923 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polarimetric Discriminants:

1. RCS VV -0.35 dO
2. RCS HH -5.07 dB
3. PCS X -25.64 dB
4. Copolarization Ratio -4.72 dB
5. Depolarization Ratio 23.54 dB
6. Total Power 0.93 dB

7. Phase Relative to VV 0.14 degrees
8. Correlation Coeff. 1.000

B-13



01_14_A RUN: 0007 X BAND DATE: JAN 14 TIME: 20:45:00 INANG: 29.5

Average Mueller matrix fileI

Average Mueller matrix:

0. 1814275E-01 0.3675611E-03 -0.6884908E-04 -0.6605790E-03
0. 5100552E-02 0.8195166E-01 -0. 7281893E-02 -0.6085666E-023
0.4351518E-03 -0. 1683905E-02 0.2332316E-01 0. 1021065E-01
0.3708761E-02 -0.1356754E-02 -0 .9866958E-02 0.2332316E-01

Standard Deviation of Mueller matrices:

0. 1290285E-01 0.2476112E-03 0.3514185E-03 0.2569524E-02
0.4564755E-02 0.4249974E-01 0. 1022299E-03 0.2195536E-02
0.8588553E-02 0.6134886E-02 0.3215335E-01 0.1751499E-01
0.3950748E-02 0.7673441E-02 0.1836222E-01 0.3215335E-01

Average Covariance Matrix (dB,Phase)

-17.413 0.00 -27.289 -83.32 -15.912 23.05I
-27.289 83.32 -22.923 0.00 -20.227 -140.12
-15.912 -23.05 -20.227 140.12 -10.864 0.003

Average Covariance Matrix (Mag,Phase)

0.018 0.00 0.002 -83.32 0.026 23.053
0.002 83.32 0.005 0.00 0.009 -140.12
0.026 -23.05 0.009 140.12 0.082 0.001

Standard Deviation of Covariance matrices:

0.013 0.00 0.005 -24.70 0.037 29.34
0.005 24.70 0.005 0.00 0.002 87.33
0.037 -29.34 0.002 -87.33 0.043 0.00

Polar imetric Discriminants:

1. RCS VV -10.86 dB
2. RCS HH -17.41 dB
3. RCS X -25.63 dB

4. Copolarization Ratio -6.55 dB
5. Depolarization Ratio 12.63 dB
6. Total Power -9.76 dB

7. Phase Relative to VV 23.05 degrees

8. Correlation Coeff. 0.665
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01_14_A RUN: 0005 X BAND DATE: JAN 14 TIME: 20:20:00 INANG: 40.3
Average jMueller matrix file

Number of samples = 1

Average Mueller matrix:

0.8770010E-02 0.3698280E-04 -0.4567394E-04 0.5676737E-03
0. 1678804E-03 0.6280581E-02 0. 1026097E-02 -0.3888062E-04
0.2423942E-02 -0.6723792E-04 0.7418718E-02 0.1564729E-03

-0.1172784E-03 0.9615473E-03 0.1037210E-05 0.7418718E-02

IStandard Deviation of Mueller matrices:
0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00

0. 0000000E+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0. 0000000E+00
0. OOOOOOOE+00 0. OOOOOOOE.00 0. OOOOOOOE+00 0. OOOOOOOE+00
0. OOOOOOOE+00 0. 0000000[+00 0. OOOOOOOE.00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

-20.570 0.00 -29.160 2.77 -21.295 0.60
-29.160 -2.77 -37.749 0.00 -29.885 -2.17
-21.295 -0.60 -29.885 2.17 -22.020 0.00

Average Covariance Matrix (Mag,Phase)

0.009 0.00 0.001 2.71 0.007 0.60I0.001 -2.77 0.000 0.00 0.001 -2.17
0.007 -0.60 0.001 2.17 0.006 0.00

IStandard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00I0.000 0.00 0.000 0.00 0.000 0.00

0.000 0.00 0.000 0.00 0.000 0.00

Polarimetr ic Discriminants:

j1. RCS VV -22.02 dB
2. RCS HH -20.57 dB
3. RCS X -39.90 dB
4. Copolarization Ratio 1.45 dB
5. Depolarization Ratio 18.66 dB

6. Total Power -18.17 dBI7. Phase Relative to VV 0.60 degrees
8. Correlation Coeff. 1.000
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01 14 A RUN: 0004 X BAND DATE: JAN 14 TIME: 20:00:00 INANG: 49.3
Average Mueller matrix file3
Number of samples = 1

Average Mueller matrix:

0.9638291E-02 0. 1355189E-03 0.3290802E-04 -0. 1142404E-02
0.1573983E-03 0.1064143E-02 0.3832931E-03 0.1434599E-03
0.1051964E-02 -0.7547557E-03 0.1355451E-03 0.3125389E-02
-0.2227459E-02 -0.8479286E-04 -0.3257681E-02 0. 1355451E-03

Standard Deviation of Mueller matrices:I

0. OOOOOOOE+00 0 OOOOOOOE+00 0.OOOOOOOE+00 0 .OOOOOOOE.00
0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE+00 0. OOOOOOOE.00

0. OOOOOOOE+00 0. OOOOOOOEfOO 0 .OOOOOOOE+00 0. OOOOOOOE.00
0. oOOOooE+oo 0. 0000000E 00 0. OOOOOOOE+00 0. OOOOOOOE+00

Average Covariance Matrix (dB,Phase)

-20.160 0.00 -29.094 64.72 -24.944 85.24I
-29.094 -64.72 -38.030 0.00 -33.880 20.52
-24.944 -85.24 -33.880 -20.52 -29.731 0.00L

Average Covariance Matrix (Mag,Phase)

0.010 0.00 0.001 64.72 0.003 85.241
0.001 -64.72 0.000 0.00 0.000 20.52
0.003 -85.24 0.000 -20.52 0.001 0.00

Standard Deviation of Covariance matrices:

0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00 0.000 0.00

Polarimetric Discr iminants:

1. RCS VV -29.73 dB
2. RCS HH -20.16 dB
3. RCS X -38.34 dB4. CpolrizaionRati 9.7 d
4. Copolarization Ratio 95.57 dB

6. Total Power -19.59 dB

7. Phase Relative to VV 85.24 degrees

8. Correlation Coeff. 1.000
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01_15_A RUN: 0032 C BAND DATE: JAN 16 TIME: 11:08:29 INANG: 10.2
Average Mueller matrix file

Number of samples = 10

Average Mueller matrix:

0.9398540E+00 0.6090157E-02 0.6322323E-02 0.3869399E-02
0. 5821473E-02 0. 1039014E+01 0.6327598E-02 -0.9631803E-02

0. 1383620E-01 0.9903564E-02 0.9791873E+00 0.2953304E-01
-0. 1459526E-01 0. 1994299E-01 -0.2544824E-01 0.9791873E+00

IStandard Deviation of Mueller matrices:

0.6707005E+00 0. 1498175E-02 0.2358056E-01 0.2675904E-01
0.3404237E-02 0. 7109191E+00 0.4632493E-01 0.2558872E-01
0.8281478E-01 0.4473582E-01 0.6868425E+00 0. 1060761E-01
0. 3890819E-01 0.4943384E-01 0. 1596229E-01 0.6868425E+00

Average Covariance Matrix (dB,Phase)

-0.269 0.00 -19.976 46.53 -0.090 1.61
-19.976 -46.53 -22.350 0.00 -19.385 -56.69
-0.090 -1.61 -19.385 56.69 0.166 0.00

Average Covariance Matrix (Mag,Phase)

0.940 0.00 0.010 46.53 0.979 1.61
0.010 -46.53 0.006 0.00 0.012 -56.69
0.979 -1.61 0.012 56.69 1.039 0.00

IStandard Deviation of Covariance matrices:
0.671 0.00 0.046 -25.17 0.682 1.12I0.046 25.17 0.003 0.00 0.053 28.92
0.682 -1.12 0.053 -28.92 0.711 0.00

Polarimetric Discr imi nants:

11. RCS VV 0.17 dB
2. RCS HH -0.27 dB
3. RCS X -22.25 dBI4. Copolarization Ratio -0.44 dB
5. Depolarization Ratio 22.20 dB
6. Total Power 2.99 dBI7. Phase Relative to VV 1.61 degrees
8. Correlation Coeff. 0.991
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01_15_A RUN: 0022 C BAND DATE: JAN 16 TIME: 09:58:05 INANG: 20.3

Average Mueller matrix fileI
Number of samples = 10

Average Mueller matrix:3

0. 1269704E.00 0.6360862E-02 -0.6074651E-02 0.3919881E-02
0.9068301E-02 0. 1673510E+00 -0.2496575E-02 -0.9112185E-023
-0.7866858E-02 -0. 1902704E-01 0. 1405997E+0.0 0.7306580E-03
-0. 1790308E-01 0. 1754902E-01 0.2095750E-02 0. 1405997E+00

Standard Deviation of Mueller matrices:

0.6902757E-01 0.4451009E-02 0.4442619E-02 0.3697739E-02
0.3623273E-02 0.4145854E-01 0.5880348E-02 0.3391775E-01
0.4417202E-02 0.1198436E-01 0.5417249E-01 0.6119418E-02
0.5123632E-01 0.1774387E-01 0.2804436E-02 0.5417249E-01

Average Covariance Matrix (dB,Phase)

-8.963 0.00 -20.098 113.73 -8.558 -0.28I
-20.098 -113.73 -20.425 0.00' -20.247 -105.32
-8.558 0.28 -20.247 105.32 -7.764 0.003

Average Covariance Matrix (Mag,Phase)

0.127 0.00 0.010 113.73 0.139 -0.283
0.010 -113.73 0.009 0.00 0.009 -105.32
0.139 0.28 0.009 105.32 0.167 0.003

Standard Deviation of Covariance matrices:

0.069 0.00 0.026 85.07 0.054 1.76
0.026 -85.07 0.004 0.00 0.034 -80.16
0.054 -1.76 0.034 80.16 0.041 0.00

Polarimetric Di scr iminants:

1. RCS VV -7.76 dB
2. RCS HH -8.96 dB
3. RCS X -21.13 dB4. Cpolaizaion ati -1-0 d
4. Cepolarization Ratio 1.20 dB

6. Total Power -5.09 dB

7. Phase Relative to VV -0.28 degrees

8. Correlation Coeff. 0.956



01_15_A RUN: 0013 C BAND DATE: JAN 16 TIME: 08:57:57 INANG: 29.7
Average jMueller matrix file

Number of samples = 9

Average Mueller matrix:

0.1719787E+00 0.3342652E-02 0.1616784E-02 0.1522670E-02
0.6433079E-02 0.1867187E+00 0.4911976E-02 -0.6365882E-02
0.1908273E-01 -0.2681602E-02 0.1671723E+00 -0.2858806E-01

-0.9308816E-02 0.5473140E-02 0.2943294E-01 0.1671723E+00

IStandard Deviation of Mueller matrices:
0. 1252052E+00 0.9160410E-03 0.1675385E-02 0.8609590E-02
0.5331845E-03 0.1164114E+00 0.1119432E-01 0.2154369E-01
0.6342480E-02 0.9912864E-02 0. 1117405E+00 0.3031259E-01
0.3493898E-01 0. 1962949E-01 0.2384578E-01 0.1117405E+00

Average Covariance Matrix (dB,Phase)

-7.646 0.00 -19.741 25.99 -7.748 -9.95
-19.741 -25.99 -21.916 0.00 -20.947 -52.35
-7.748 9.95 -20.947 52.35 -7.288 0.00

Average Covariance Matrix (Mag,Phase)

0.172 0.00 0.011 25.99 0.168 -9.95I0.011 -25.99 0.006 0.00 0.008 -52.35
0.168 9.95 0.008 52.35 0.187 0.00

IStandard Deviation of Covariance matrices:

0.125 0.00 0.018 -79.72 0.111 -14.06I0.018 79.72 0.001 0.00 0.024 62.54
0.111 14.06 0.024 -62.54 0.116 0.00

Polar imetric Discr iminants:

11. RCS VV -7.29 dB
2. RCS HH -7.65 dB
3. RCS X -23.11 dBI4. Copolarization Ratio -0.36 dB
5. Depolarization Ratio 15.65 dB
6. Total Power -4.34 dBI7. Phase Relative to VV -9.95 degrees
8. Correlation Coeff. 0.937
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I
01 15 A RUN: 0002 C BAND DATE: JAN 15 TIME: 06:53:09 INANG: 40.7

Averaje Mueller matrix file I
Number of samples = 9

Average Mueller matrix: 3
0.1081651E+00 0.2709920E-02 -0.2177921E-02 -0.1502540E-02
0.3511765E-02 0.1267241E+00 0.7349306E-02 0.2953803E-03 3
0.9108718E-02 -0.7463287E-02 0.1021633E+00 -0.1467612E-01
0.5162742E-02 0.5121990E-02 0.1443734E-01 0.1021633E+00

Standard Deviation of Mueller matrices:

0.1397612E-01 0.3591019E-03 0.1690208E-01 0.1000354E-01
0.3519061E-03 0.1715581E--01 0.2881597E-01 0.9455880E-02
0.4365052E-01 0.4411388E-01 0.1080952E-01 0.1580600E-01
0.1103987E-01 0.1544536E-01 0.1615189E-01 0.1080952E-01 3

Average Covariance Matrix (dB,Phase)

-9.659 0.00 -22.811 -29.55 -9.844 -8.07 I
-22.811 29.55 -24.545 0.00 -21.334 2.30
-9.844 8.07 -21.334 -2.30 -8.971 0.00

Average Covariance Matrix (Mag,Phase)

0.108 0.00 0.005 -29.55 0.104 -8.07 1
0.005 29.55 0.004 0.00 0.007 2.30
0.104 8.07 0.007 -2.30 0.127 0.00 3

Standard Deviation of Covariance matrices:

0.014 0.00 0.023 14.19 0.021 49.24 3
0.023 -14.19 0.000 0.00 0.030 -18.17
0.021 -49.24 0.030 18.17 0.017 0.00

Polarimetric Discriminants:

1. RCS VV -8.97 dB
2. RCS HH -9.66 dB
3. RCS X -25.07 dB
4. Copolarization Ratio -0.69 dB
5. Depolarization Ratio 15.77 dB
6. Total Power -6.18 dB
7. Phase Relative to VV -8.07 degrees
8. Correlation Coeff. 0.885
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01_15_A RUN: 0052 C BAND DATE: JAN 16 TIME: 09:45:32 INANG: 48.5
Average Mueller matrix file
Number of samples = 5

Average Mueller matrix:

0.9369382E-01 0 .4137609E-02 -0.5250036E-03 -0.2170575E-02
0.1189678E-01 0.9334470E-01 -0.1676074E-01 0.1221437E-01

-0.2198932E-01 -0.8111399E-02 0.8538236E-01 0.2131577E-01
0. 3614878E-01 -0.9823559E-02 -0.1735384E-01 0.8538236E-01

IStandard Deviation of Mueller matrices:
0. 1480781E-01 0.5003523E-02 0.7077865E-03 0.2468224E-01
0.8089664E-03 0. 1280686E-01 0.5401239E-02 0. 1768973E-01
0. 1211688E-01 0.2651861E-02 0.3265873E-02 0.3222272E-02
0. 2639526E-01 0. 4336460E-01 0. 2765836F-02 0. 3265873E-02

Average Covariance Matrix (dB,Phase)

I-10.283 0.00 -16.746 -121.31 -10.715 13.17
-16.746 121.31 -19.245 0.00 -16.832 143.92
-10.715 -13.17 -16.832 -143.92 -10.299 0.00

Average Covariance Matrix (Mag,Phase)

0.094 0.00 0.021 -121.31 0.085 13.17
0.021 121.31 0.012 0.00 0.021 143.92
0.085 -13.17 0.021 -143.92 0.093 0.00

Standard Deviation of Covariance matrices:

0.015 0.00 0.015 -65.34 0.005 33.14I0.015 65.34 0.001 0.00 0.018 73.02
0.005 -33.14 0.018 -73.02 0.013 0.00

Polarimetric Discr imi nants:

11. RCS VV -10.30 dB
2. RCS HH -10.28 dB
3. RCS X -20.96 dBI4. Copolarization Ratio 0.02 dB
S. Depolarization Ratio 10.67 dB
6. Total Power -6.92 dBI7. Phase Relative to VV 13.17 degrees
8. Correlation Coeff. 0.907
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01_15_A RUN: 0047 C BAND DATE: JAN 16 TIME: 09:05:52 INANG: 59.5

Average Mueller matrix fileI
Number of samples = 5

Average Mueller matrix:3

0.5363394E-01 0. 4468897E-02 0.6601255E-02 0.5164735E-02
0.9761373E-02 0.5972799E-01 -0.6973383E-02 0.6653366E-023
-0.5997235E-02 0. 1715822E-01 0.4453234E-01 0.2192730E-01
0.2174884E-01 -0.4041471E-02 -0.2063802E-01 0.4453234E-01

Standard Deviation of Mueller matrices:

0. 1454986E-01 0.9082993E-02 0.5245155E-02 0.1456661E-01
0.1726112E-02 0.2448384E-02 0.6851107E-02 0.2305886E-01I
0.2692482E-01 0. 3722223E-01 0.3791615E-01 0.1665341E-01
0.8620939E-02 0.8114000E-02 0.3058408E-01 0.3791615E-013

Average Covariance Matrix (dB,Phase)

-12.706 0.00 -19.477 -105.42 -12.941 24.771
-19.477 105.42 -20.105 0.00 -20.161 136.35
-12.941 -24.77 -20.161 -136.35 -12.238 0.00

Average Covariance Matrix (Mag,Phase)

0.054 0.00 0.011 -105.42 0.051 24.771
0.011 105.42 0.010 0.00 0.010 136.35
0.051 -24.77 0.010 -136.35 0.060 0.003

Standard Deviation of Covariance matrices:

0.015 0.00 0.014 -17.75 0.039 -37.113
0.014 17.75 0.002 0.00 0.024 73.46
0.039 37.11 0.024 -73.46 0.002 0.00

Polar imetric Di scr im inants:

1. RCS, VV -12.24 dB
2. RCS HH -12.71 dB
3. RCS X -21.48 dB,4. Cpolaizaion ati -0.7 d
4. Copolarization Ratio -04 dB

6. Total Power -8.94 dB1
7. Phase Relative to VV 24.77 degrees
8. Correlation Coeff. 0.898
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01 15 A RUN: 0032 X BAND DATE: JAN 16 TIME: 11:05:28 INANG: 10.2
Average Mueller matrix file
Number of samples = 10

Average Mueller matrix:

0.2305057E,01 0.1967947E+00 0.2250885E+00 0.2503940E+00
0.2677150E+00 0.4187535Ee01 -0.6152098E+00 -0.1690820E+00
-0.5318984E+00 0.3974928E+00 0.2252922E+01 0.1245258E+00
-0.1010559E+00 -0.3293315E-01 -0.1220732E+00 0.2252922E+01

Standard Deviation of Mueller matrices:

0.1851115E+01 0.3441177E-01 0.2996719E+00 0.6487030E-01
0.3928870E-02 0.2694741E+01 0.1228545E+00 0.5729320E+00
0.1700192E+(O 0.1307388E+01 0.1549825E+01 0.8706433E+00
0.1245862E+00 0.7763484E+00 0.3768399E+00 0.1549825E+01

Average Covariance Matrix (dB,Phase)

3.627 0.00 -5.674 169.25 3.633 3.06
-5.674 -169.25 -5.723 0.00 -1.952 -164.63
3.633 -3.06 -1.952 164.63 6.220 0.00

Average Covariance Matrix (Mag,Phase)

2.305 0.00 0.271 169.25 2.308 3.06
0.271 -169.25 0.268 0.00 0.638 -164.63
2.308 -3.06 0.638 164.63 4.188 0.00

Standard Deviation of Covariance matrices:

1.851 0.00 0.105 36.22 1.765 20.69
0.105 -36.22 0.004 0.00 0.586 77.91
1.765 -20.69 0.586 -77.91 2.695 0.00

Polarimetric Discriminants:

1. RCS VV 6.22 dB
2. RCS HH 3.63 dB
3. RCS X -6.34 dB
4. Copolarization Ratio -2.59 dB
S. Depolarization Ratio 11.45 dB
6. Total Power 8.42 dB
7. Phase Relative to VV 3.06 degrees
8. Correlation Coeff. 0.743
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I
01_15_A RUN: 0022 X BAND DATE: JAN 16 TIME: 09:55:02 INANG: 20.3

Average Mueller matrix file I
Number of samples = 10

Average Mueller matrix: 3
0.2055983E+01 0.2037657E+00 -0.1544038E+00 0.1248436E+00
0.4050978E+00 0.3961591E+01 0.3757907E+00 -0.2049435E+00 30.5428420E+00 -0.2270354E+00 0.2708747E+01 0.4411764E+00

-0.3072005E+00 0.3069519E+00 -0.2608405E+00 0.2708747E+01

Standard Deviation of Mueller matrices:

0.1621473E+01 0.1205740E+00 0.1827779E 00 0.2898813E+00
0.1754829E+00 0.1379331E+01 0.1137566E+01 0.9259010E-01
0.1086990E+01 0.9924646E+00 0.1577411E+01 0.6125240E+00
0.1371050E-01 0.1671847E+01 0.8878970E+00 0.1577411E+01 3

Average Covariance Matrix (dBPhase)

3.130 0.00 -5.060 29.51 4.230 7.62 1
-5.060 -29.51 -3.924 0.00 -3.685 -28.61
4.230 -7.62 -3.685 28.61 5.979 0.00

Average Covariance Matrix (Mag,Phase)

2.056 0.00 0.312 29.51 2.649 7.62 1
0.312 -29.51 0.405 0.00 0.428 -28.61
2.649 -7.62 0.428 28.61 3.962 0.00

Standard Deviation of Covariance matrices:

1.622 0.00 0.544 -0.73 1.807 24.53
0.544 0.73 0.176 0.00 1.141 -4.65
1.807 -24.53 1.141 4.65 1.380 0.00

Polarimetric Discriminants:

1. RCS VV 5.98 dB
2. RCS HH 3.13 dB
3. RCS X -5.17 dB
4. Copolarization Ratio -2.85 dB
5. Depolarization Ratio 9.95 dB
6. Total Power 8.21 dB
7. Phase Relative to VV 7.62 degrees
8. Correlation Coeff. 0.928
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01_15_A RUN: 0013 X BAND DATE: JAN 16 TIME: 08:54:31 INANG: 29.7
Average Mueller matrix file
Number of samples = 9

Average Mueller matrix:

0. 1566614E+01 0.2219684E+00 0.3096237E-01 -0.5448891E-01
0.2781518E+00 0.1584334E+'01 -0.3105961E+00 -0.3029896E+00
-0.8238786E+00 0.2712003E+00 0.1281607E+01 0.4526463E+00
-0.5276459E+00 -0. 3225166E-01 -0.3999676E+00 0. 1281607E+01

Standard Deviation of Mueller matrices:

0. 1432549E+01 0. 7061230E-01 0.4068727E+00 0.4576068E+00
0.2195380E+00 0.1911772E+00 0.3716350E-01 0.2199666E+00
0.1232518E+00 0.4987694E+00 0.5884373E+00 0.1004963E+01
0. 6689486E-01 0. 4683458E+00 0. 1004651E+01 0.5884373E+00

Average Covariance Matrix (dB,Phase)

1.949 0.00 -3.105 147.36 1.213 18.81
-3.105 -147.36 -5.557 0.00 -3.626 -135.71
1.213 -18.81 -3.626 135.71 1.998 0.00

Average Covariance Matrix (Mag,Phase)

1.567 0.00 0.489 147.36 1.322 18.81I0.489 -147.36 0.278 0.00 0.434 -135.71
1.322 -18.81 0.434 135.71 1.584 0.00

Standard Deviation of Covariance matrices:

1.432 0.00 0.070 -28.47 1.230 -54.78I0.070 28.47 0.220 0.00 0.223 80.40
1.230 54.78 0.223 -80.40 0.191 0.00

Polarimetric Discr iminants:

1. RCS VV 2.00 dB
2. RCS HH 1.95 dB
3. RCS X -6.02 dBI4. Copolarization Ratir~ -0.05 dB
5. Depolarization Ratio 7.99 dB
6. Total Power 5.62 dBI7. Phase Relative to VV 18.81 degrees
8. Correlation Coeff. 0.839
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01_15_A RUN: 0002 X BAND DATE: JAN 15 TIME: 06:49:10 INANG: 40.7
Average Mueller matrix file
Number of samples = 10

Average Mueller matrix:

0.1163452E+01 0.1889042E+00 0.1488350E+00 -0.1894218E+00
0.1770590E,00 0.1142075E+01 0.8234985E-01 0.5441031E-01
0.1549878E+00 0.2296646E+00 0.8674929E+00 0.2188571E+00
0.7561356E-01 -0.6344675E 00 -0.2395085E+00 0.8674929E 00

Standard Deviation of Mueller matrices: U
0.7368722E+00 0.5097910E-01 0.1582905E+00 0.9996105E-01
0.6448713E-01 0.1936563E+00 0.4792923E+00 0.3218490E+00
0.6720559E+00 0.1724239E,00 0.7995250E+00 0.5712527E+00
0.3049058E+00 0.3177732E,00 0.1682001E+00 0.7995250E+00 3

Average Covariance Matrix (dB,Phase)

0.657 0.00 -10.644 -26.01 -0.552 15.08 3
-10.644 26.01 -7.519 0.00 -10.056 33.45
-0.552 -15.08 -10.056 -33.45 0.577 0.00

Average Covariance Matrix (Mag,Phase)

1.163 0.00 0.086 -26.01 0.881 15.08 I
0.086 26.01 0.177 0.00 0.099 33.45
0.881 -15.08 0.099 -33.45 1.142 0.00

Standard Deviation of Covariance matrices:

0.737 0.00 0.369 24.41 0.736 -30.17 3
0.369 -24.41 0.064 0.00 0.577 33.88
0.736 30.17 0.577 -33.88 0.194 0.00

Polarimetric Discriminants:

1. RCS VV 0.58 dB
2. RCS HH 0.66 dB
3. RCS X -7.38 dB 3
4. Copolarization Ratio 0.08 dB
S. Depolarization Ratio 7.99 dB
6. Total Power 4.27 dB
7. Phase Relative to W 15.08 degrees I
8. Correlation Coeff. 0.764

I
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01_15_A RUN: 0052 X BAND DATE: JAN 16 TIME: 09:41:46 INANG: 48.5
Average Mueller matrix file
Number of samples = 5

Average Mueller matrix:

0.4038437E+00 0.7148244E-01 0.5252818E-01 -0.1358217E-01
0.8404490E-01 0.4796913E+00 0.6097469E-01 -0.4440476E-01
0.6313759E-01 -0.6985443E-01 0.2550314E+00 0.1517850E+00
-0.2793700E-02 -0.2145900E+00 -0. 1483729E+00 0.2550314E+00

Standard Deviation of Mueller matrices:

0. 1785281E-01 0.3083812E-01 0. 1834231E+00 0. 1604976E-01
0. 1852030E-01 0. 1321552Ee00 0.2344677E+00 0.3006196E-01
0.4492504E+00 0. 1676234E+.00 0. 1880564E+00 0. 1195568E+00
0.1518749E+00 0.2248754E+00 0.1618946E+00 0.1880564E+00

Average Covariance Matrix (d8,Phase)

-3.938 0.00 -15.002 2.53 -5.418 31.50
-15.002 -2.53 -10.754 0.00 -11.224 -36.06
-5.418 -31.50 -11.224 36.06 -3.190 0.00

Average Covariance Matrix (Mag,Phase)

0.404 0.00 0.032 2.53 0.287 31.50
0.032 -2.53 0.084 0.00 0.075 -36.06
0.287 -31.50 0.075 36.06 0.480 0.00

Standard Deviation of Covariance matrices:

0.018 0.00 0.237 -18.67 0.197 -45.60
0.237 18.67 0.019 0.00 0.236 7.31

0.197 45.60 0.236 -7.31 0.132 0.00

Polarimetric Discriminants:

1. RCS VV -3.19 dB
2. RCS HH -3.94 dB
3. RCS X -11.09 dBI4. Copolarization Ratio -0.75 dlB
5. Depolarization Ratio 7.54 dB
6. Total Power 0.17 dBI7. Phase Relative to VV 31.50 degrees
8. Correlation Coeff. 0.653

B- 27
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01 15 A RUN: 0047 X BAND DATE: JAN 16 TIME: 09:02:56 INANG: 59.5

Average Mueller matrix file 3
Number of samples = 5

Average Mueller matrix: 3
0.4562880E+00 0.5658693E-01 -0.5815751E-01 -0.1592315E-01
0.8081822E-01 0.4078551E+00 -0.1192471E+00 -0.1487186E-01
-0.1427525E+00 -0.1047566E+00 0.3352596E+00 0.6655870E-01
-0.3948974E-02 0.6073492E-01 -0.1149890E+00 0.3352596E+00

Standard Deviation of Mueller matrices: I
0.2377424E-01 0.3567018E-01 0.8546229E-01 0.1547606E+00
0.1293796E-01 0.3882846E-01 0.6867963E-01 0.9588367E-01

0.2124272E-01 0.1270666E+00 0.8904418E-01 0.1825169E+00
0.3879265E+00 0.3446553E+00 0.3005943E+00 0.8904418E-01

Average Covariance Matrix (dB,Phase)

-3.408 0.00 -11.462 178.42 -4.575 15.09 I
-11.462 -178.42 -10.925 0.00 -9.202 -172.88
-4.575 -15.09 -9.202 172.88 -3.895 0.00

Average Covariance Matrix (Mag,Phase)

0.456 0.00 0.071 178.42 0.349 15.09 3
0.071 -178.42 0.081 0.00 0.120 -172.88
0.349 -15.09 0.120 172.88 0.408 0.00

Standard Deviation of Covariance matrices:

0.024 0.00 0.194 -86.86 0.246 -78.54 3
0.194 86.86 0.013 0.00 0.118 -54.40
0.246 78.54 0.118 54.40 0.039 0.00 1

Polarimetric Discriminants:

1. RCS VV -3.89 dB I
2. RCS HH -3.41 dB
3. RCS X -11.63 dB
4. Copolarization Ratio 0.49 dB
5. Depolarization Ratio 7.99 dB
6. Total Power 0.01 dB
7. Phase Relative to VV 15.09 degrees I
8. Correlation Coeff. 0.808

I
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NEAR SURFACE MEASUREMENTS OF ARCTIC SEA ICE
DURING THE FALL FREEZE-UP

Robert G. Onstott

Radar Science Laboratory

Advanced Concepts Division
Environmental Research Institute of Michigan

Ann Arbor, MI 48107 USA

ABSTRACT

Near-surface millimeter and microwave theoretically model multiyear backscatter to the
measurements were made during the September- study of how the properties of this layer,
October 1989 segment of the Coordinated Eastern particularly, density and gas-bubble size
Arctic Experiment (CEAREX) in regions located to statistics, vary with layer thickness, ice
the North and East of Svalbard. Microwave thickness, and ice age. Results relating the
signatures and physical properties were acquired microwave response to ice properties and how this
at a large number of stations and included floes information impacts geophysical satellite
composed of first-year, multiyear, pancake, and algorithms was presented.
new sea ice. One of the uianticipated success
stories of CEAREX was the finding of systematic ACKNOWLEDGEMENTS
variations in the thicknes; and density of the ice
located in the uppermost p)rtion of multiyear ice This work is supported by the Office of Naval
sheets. Understanding the formation of this layer Research (ONR) contract N00014-86-C-0469. The
and its wicrowa., signatur! ii important to Technical Monitors were Dr. Thomas Curtin and Mr.
interests in both global clim3te change Charles Luther.
(potentially) and remote sensing science. 

Tbe1Table 1.

DISCUSSION UPPER ICE SHEET CHARACTERIZATIONS

Backscattering data were collected from the - " "-=
wheelhouse of the ice-strengthened ship "R/V
Polarbjorn" and from a sl,:d-based tower using .
polarization diversified radars operating at 0.5, ............ ....
1.5, 5.25, 9.38, 18, 35, ,ti 94 GHz over the .......... .. . .. .. .
incidence angle range froit 150 to 800. Data were . ... . .. .
acquired during transit ( ,e., for spatial .................
statistics) and when at sition (i.e., very
detailed coordinated measurements). Measured ice
thicknesses ranged from 0+ to over 5 meters. " ..............

Scene characterizations (general description,
layer thickness, density, salinity, gas bubble
size statistics, bubble geometries, and surface CEAREX DRIFT STATION MULTIYEAR ICE SITE
roughness statistics) and passive microwave
observations were also an integral part of this
program. aXVV-45

Understanding physical property and microwave
signature variations, a gol of this effort, is
important in the study of iLe physics and to the X HL5
process of retrieving geopnysical information.
Observations by the author on previous
investigations clearly indicate that the physical O -N Ka-VV-45"
properties in the upper feN centimeters of cold s : ii
multiyear ice dominate the backscatter response at Z
frequencies greater than about 5 GHz. The ' ,conditions found during CEAREX could not have been C' 40 ii i] L, W-wvv-4s °

better -- they were laboratory-like in all 24, i R: b
aspects. A critical feature of these data is the M

diversity of the measurements with observations at m -eltpooT- LHummock
sites where the upper ice iheet layer thickness
ranged betieen 0 and 20 cm, density from 0.75 to 0 20 40 60 80 100
0.9 qm cm . 

, and qas bubble size from 0.5 to 3 mm
(illustrated in Table 1). An example sled
transect is shown in Figure I to illustrate signal
variation along the Drift Station track. This Figure 1. Backscatter Response Along Drift

detail adds considerably to the ability to Station Study Track



MIZEX '84 MULTIFREQUENCY HELICOPTER-BORNE
ALTIMETER OBSERVATIONS OF SUMMER MARGINAL SEA ICE

Robert G. Onstott

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, NI 48107 USA

ABSTRACT borne instrument was to provide accurate
scattering coefficients (o-0) or reflectivities ofAirborne radar measurements were acquired in ice with well documented physical properties andme and July 1984 with a frequency-modulated, to provided data which very accurately allows the

intinuous-wave radar scatterometer operating at correlation between measured reflectivites with
25, 9.6, 13.6, and 16.6 GHz from helicopter over specific ice and water features.
ie Fram Strait marginal ice zone. Altimeter
iservations were coordinated with surface HELICOPTER-BORNE RADAR SCATTERONETER
iaracterizations so that reflectivities are
Olatable with particular ice types and forms and Signatures of a variety of summer sea ice
ie quantification of responsible physical forms were acquired at incidence angles from
•operties. Results show that variations in vertical to about 700. Multiple antenna transmit-
flectivity are directly attributable to liquid receive polarizations were also used, of
:ean conditions, ice type, and deformation significance at angles off vertical. Antenna
iaracteristics. Results also illustrate that beamwidths, ranging from 20 to 5 over this
)tentially both ice extent and concentration are frequency range, produce2d ground cells of from Im
!ophysical information that may be retrieved to 2m diameters at a nominal operation altitude of;ing altimeters and that selection of sensor 20m. The radar used was a wideband frequency-%rameters impact the accuracy of the estimates. modulated continuous-wave radar. It was operated
!termination of ice type based on reflectivity from the side of a Be1l Model 206 small helicopter
lone appears to be tenuous during summer. and with a geometry slown in Figure 1. Nominal

system parameters are provided in Table 1.
INTRODUCTION

Monitoring of polar ice is important in the
iderstanding of the cryosphere. Determination of
ce sheet mass balance and sea ice extent and
iickness is very important in this study, since :1
is known that these properties have a

easurable effect upon, and are impacted by,li
lobal climate and high latitude weather. With
icrowave sensor-equipped, polar-orbiting
atellites these and other processes may be __

iserved temporally and our understanding
nproved. Remote sensing instruments such as the
3dar altimeter (the subject here), provides the
!ans in which this may be done; in an environment
iat allows very limited access and is immense in _.._____
real extent. "

During the summer of 1984, an experiment was
3nducted from land and from surface ship in the
3rginal ice zone in the Fram Strait region of the
eenland Sea. Data were acquired to evaluate the
)ility of radars operating at normal incidence to
rovide information which may be used to
:curately determine ice edge location, ice
Dncentration, ice type or thickness, and large-
:ale surface roughness. Measurements were made An

rom an aircraft equipped with a 13.8 GHz
ltimeter called the RAL altimeter and from a
elicopter equipped with a nadir-looking
:atterometer which operated at 5.25, 9.6, 13.6,
id 16.6 GHz. The emphasis with the helicopter- F15,1. O..yna B Omt. o M.IeMV4.
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RESULTS Table 2), are also capable of producing large
reflectivities. In a case at 5.25 GHz,

Data were acquired by flying scans from reflectivities similar to those of the interior I
several nautical miles into the open ocean, across ocean were produced. An additional feature of

the ocean-ice edge, and deep into the marginal ice significance in describing ice and ocean

zone until large floes were encountered. Two such reflectivities at vertical is the, oftentimes,

examples are shown in Figures 2 and 3. To very large standard deviation in signal returns.

illustrate the inverse correlation in the This and the similarity between ice type mean

magnitude between returns obtained when operating reflectivities suggests that ice type

at vertical versus off-axis (i.e., 250), transects discrimination based on reflectivity during summer

are shown at (a) 9.6 GHz, HH polarization, and 250 will be difficult.

and (b) 13.6 Gllz and 00. Five distinct liquid N
ocean signatures were detected. At vertical, ACKNOWLEDGEMENTS
reflectivities became progressively stronger with
propagation into the MIZ. Ocean features were This work was supported by the National Space

identified as follows: and Aeronautics Administration and the Office of
Naval Research (ONR) under contracts NOO014-86-C- I

open ocean signature, 0469 and NAGW-334. The Technical Monitors were

ocean at ice edge signature, Dr. Robert Thomas and Mr. Charles Luther.

ocean at ice edge no-return band signature,
MIZ interior-ice ocean signature, and I
MIZ interior-ice floe shadow signature. Table 1 NOMINAL SYSTEM SPECIFICATIONS

In the off axis radar geometry case these
ocean signatures varied over a range of about 20
dB, with very weak returns possible in the ice Description C-Band X-Band Ku-Band Ku-Band I
interior. In the vertical geometry as illustrated
in Figure 3 very strong specular returns may be fyLI cW rLMCw I.Cw [MCW

produced, up to 17 dB greater than those produced Fo.iyGill 52 96 '3 166

in the open ocean. Hence, ater shadowed by ice mula,- ,,. ,, ,.- ,I •
floes is very smooth and specular in nature. A . M 5
second observation is that returns produced from
sea ice in the MIZ with a moist snowpack are as r ,10 ,0 to 1o

much as 30 dB weaker than the returns produced by I. .Kill 3,5 15 35 '35

the liquid ocean. Ice reflectivities at vertical IF f,, -Klfl 50 50 0 so
for ice with a thick snow cover are about 8.5 dB
lower than that of the open ocean. With identical 'd " I" ""q go,

surface roughnesses a diff rence of 8.7 dB is .I.' ..
S. -, I., fitanticipated due to an almost order of magnitude 5 4 34 6 '9

difference 4n their dielectric constants. 1 011 1 IW
A summary of radar scattering coefficients

and their standard deviations for seven general A,, u o 20 20 ?o 20

scene classes is provided in Table 2. Detection 11,,O,±C±A,. ,, 0'*1 2 060 ,5 0iS

of the ice edge is not difficult in either the 00
and 250 viewing angle cases given knowledge of the A,,j S,-d -50* sx 250' I
expected edge ocean-ice microwave signature , 10 10 1U to
responses. It is also apparent that positioning
errors m ay be possib le and are dependent on C. . ... .. ,o101 s'9 ,, l3. VI,, ,,. , s Q.I9

altimeter algorithm properties. A potential cbOA,,, ,I I I,..... u-. ..± L0.W I
example is the dead water zone (2km width) at the
ice-ocean interface which may be confused with
grease ice.

Relationships between regional scattering
coefficients and ice concentrations were Table 2. Radar Scattering Coelicients (dB) at Venial .
determined at 9.6 GHz and 250, at 13.6 GHz and 00, in the Marginal lceZoneon5July 984

and 9.6 Gliz and 00 , and are shown in Figure 4 to 6
respectively. Regional averages were performed in Frequency
the log domain and linear relationships between
cross-sections and ice concentration resulted for Son 525GHz 96GHz 36GHz t66 Hz

both the on-axis and off-axis cases. This oce.-Op.n 145±16 159t07

relationship result is expected for our case where
resolution is of at least a scale finer than the Ocean Ed 74t24 21569

size of individual ice floes or the spacing o ean-i 133 ±101 2±226 245124

between ice floes and where there is ample
contrast between ice and water. ThmFY 20112 64±94 92±68 89±.9

The difference in the reflectivities between Md FY -08 24 29±30 47±29

ice types is small, typically on the order of 5 I
dD, and attributable to minor variations in Mukiyoa-Sc -11130 79±39 61±50

surface roughness scales. However, floes, such as Mum.5..MP 10 4t.3 63±9
heavily meltpooled multiyear ice (a case shown in I

I
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POLARIMETRIC RADAR MEASUREMENTS OF ARCTIC SEA ICE
DURING THE COORDINATED EASTERN ARCTIC EXPERIMENT

Robert G. Onstott

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, Ml 48107 USA

ABSTRACT program is discussed in a companion paper titled,
"Comparison of SAR and Scatterometer Data

During March 1989, the first fully Collected during CEAREX." Ice types encountered
polarimetric radar data of Arctic sea ice during the early spring conditions (March)
coordinated with detailed surface included nilas, new ice with frcst flower growths,
characterizations were obtained in the Greenland pancake, first-year ridged ice, second year, and
Sea and at frequencies of 1.8, 5, 10, and 35 GHz multiyear. Measured ice thicknesses varied from
from the rail of an ice-strengthened ship as part less than a millimeter to greater than 5 meters.
of the Coordinated Eastern Arctic Experiment First-year ice thicknesses grouped into 0.3, 0.5,

(CEAREX). Observations were made of numerous ice 0.8, and 1.6 m bins. In addition to measurements
forms and included multiyear ice, first-year ice, at sites of representative major ice types, a in
and many stages of new ice, with the addition of situ measurement program similar in scope tc tlait
the thinnest forms, very fine spicules of ice in performed at the U.S. Army Cold Regions Research
suspension. Transits were made from open water and Engineering Laboratory in an outdoor tank and

through the ice edge and, after a significant similar to that proposed in the future LEADS
opportunity when off-ice winds created a diffuse investigation where the microwave signature of ice
marginal ice zone (MIZ), to nearly 35 nm through as it forms from open water and until it attains a
the MIZ into the pack ice. several centimeter thickness, in this case 3 cm,

is continuously observed. Additional liquid ocean
INTRODUCTION measurements were made at several positions near

the ice edge and under varying wind speed
During the eight-month CEAREX investigation, conditions. Transits through the Odden, a feature

the ice strengthened ship "RIV Polarbjorn" was of new ice, many lOs of kilometers in extent,
utilized as a platform from which to measure which juts out from the mean ice edge in the shape
active and passive microwave signatures of snow of a tongue, was made on two occasions. These
and sea ice. Observations began with fall freeze- polarimetric scatterometer observations were
up, continued through the winter ice growth performed at angles from 200 to 700 and have been
period, and were completed during early spring. A summarized in Table 3.
study approach was developed so that microwave Scene characterization measurements were
measurements were closely coupled to surface conducted to provide documentation of the general
observations with the purpose to allow ice feature makeup of the sites ch3sen for study and to
signatures and physical properties to be provide detailed descriptions as to the
documented for later use in detailed examinations characteristics the of snowlayer, the low density
and in theoretical model validation. Microwave ice layer on multiyear ice, the high density ice
signature studies extended from 500 MHz to 100 layer for both first year and multiyear ice in
GHz, included complete polarization terms of layer thickness, density, salinity, gas
di-versification (i.e. VV, VH, HV, HH), and complex bubble size statistics, bubble geometries. Small
data (magnitude and phase) collected at selected scale roughness measurements of the ice-snow
frequencies from both ship and aircraft sensors. interface were also performed to obtain
The active microwave measurements and scene information for their statistical description.
characterization measurements conducted during In making these scattering measurements, the
CEAREX have been briefly summarized in Table I and amplitude and phase of the scattered field at V
2, respectively, and H polarizations for each of the like transmit

During March, scientific operations were polarizations (i.e. V and H) were measured. These
carried out in the Fram Strait area as indicated data will be used to produce covariance matrices
in Figure 1. The first polarimetric measurements which are composed of complex scattering
of sea ice with documented physical properties coefficients and are of the form
were made from ship and aircraft. These
measurements were conducted to complement the <SvvSvv> <SvvSvh> <SvvShh>
other ongoing shipboard passive and active (non- CM - <SvhSvv.> <SvhSvh,> <SvhShh,>
coherent) microwave collections. The l<ShhSvv > <ShhSvh > <ShhShh >I
coordination between the airborne synthetic
aperture radar (SAR) and surface-ship measurement
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where Spi is complex and represents the scattered Table 2. Ice Characterization Measurements
field produced when the transmit polarization is p During CEAREX - 88/89
and the receive polarization is j. In the ________________________

analysis of these polarimetric radar data, the. Snow Characteizaton (Geeral)
absolute and relative magnitudes of the real
scattering coefficients (i.e. orvv, elth, and Surface Roughness
orpv h). the correlation between the returns at vvLoDestIcLar
and hh, and the difference in phase between theLoDestIeLar
two co-polarized elements of the scattering matrix .High DensitylIce LayerI
(i.e. Bhh - Bvv) will be of particular interest.

Density
SUMMARY Salinity3

Preliminary results from this investigation are Temperature
summnarized in Table 4. During the oral
presentation, the interpretation and implication .Inhomogenieties in Ice (Thick Section)
of these results were described as well as to how
this information may impact geophysical satellite Table 3. Ship-Based Polarimetrlc ScatterometerI
algorithms. Sitm

ACKNOWLEDGEMENTS DAMe fLMff Iecat
This investigation was supported by the 1 a 95MlierIeFo

Office of Naval Research (ONR) contract N00014- 19 Mar 0000 Open Water-Ice Growth Evolution
86-C-0469. the ONR Technical Monitors were Mr. Experiment (T - 0 to 5 Cm)
Charles A. Luther and Dr. Thomas Curtin. 19 Mar 1000 Young First-Year Ice FloeI
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/ 20 Mar 1950 Open Water

I -21 Mar 1150 Multiyear Ice
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- ~ 23 Mar 1400 Multiyear Ice

-24 Mar 1030 Open Water

to. 24 Mar 2200 First-Year Ice IT - 1.6 m)

26 Mar 1200 Multiyear Ice

Figure t. Operation Area 27 Mar 1230 Open WaterI
28 Mar 1150 Multiyear Ice
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COMPARISON OF SAR AND SCATTEROMETER DATA COLLECTED DURING (EAREX

Robert G. Onstott
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Environmental Research Institute of Michigan
Ann Arbor, MI 48107 USA

ABSTRACT ice features and physical properties to be
correlated and studied in detail. Microwave

A comprehensive data set consisting of L-, signature studies extended from 500 MHz to 100
C-, and X-band polarimetric synthetic aperture GHz, include complete polarization diversification
radar (SAR) and P-, L-, C-, Ku-, Ka-, and W-band (i.e. VV, VH, HV, HH), with complex data
scatterometer measurements were collected during (magnitude and phase) collected at selected

the Seasonal Ice Zone Experiment (SIZEX) portion frequencies (i.e. fully polarimetric data at 1, 2,
of the Coordinated Eastern Arctic Experiment 5, 9, 10, and 35 GHz). System parameters for the
(CEAREX). The scatterometer data was obtained polarimetric SAR and sc3tterometer systems are
from rail-mounted instruments on the ice provided in Tables 1 and 2, respectively. It
strengthened research vessel POLARBJORN. should also be noted that synoptic satellite data
Coincident with the aircraft SAR and ship-based products from NOAA 1/10, DMSP(SSM/I) and MOS-1
scatterometer measurements were in situ samplings have been obtained for intercomparison and study.
of sea ice and snow cover constru-ctTionand During March, scientific operations were
physical properties. Ice types encountered during carried out in the Fram Strait area, shown in
the March 1989 exercise included nilas, pancake, Figure 1. Two experiment types were conducted. A
first-year ridged ice, second year, and multi- region composed of ice, the ice edge, and ocean
year. The ice thickness varied from less than a and as large as 200 km x 200 km was imaged using
millimeter to greater than 5 meters. Areas of SAR and so that the operation area of the
open water with varying wind speeds and open water POLARBJORN was included. Eight missions which
with grease ice were also coincidentally imaged by covered areas contained in the region from 760 N
the SAR and scatterometers. For the first time, to 790 N and 70 W to 10 E were flown during this
polarimetric SAR and scatterometer data of month using the ERIM/MAY( P-3 SAR to simulate ERS-
documented sea ice types were obtained. 1 (C-VV) every third day coverage. Supplemental

mosaics were created at I-, and X-band for support
INTRODUCTION of frequency sensitiviti studies. Observations

were made from ship to dccument in detail ice
The use of remote sensing during CEAREX was sheet microwave and physical properties throughout

considered from both a tool and science this region. At the completion of a each SAR
discipline. As a tool, remote sensing techniques mosaic mission a narrow swath transect was imaged
and products will be utilized to provide in the polarimetric mode with the purpose to
geophysical information on ice and ice-free ocean complement the SAR mosaic and to provide
processes within the MIZ. Such observations [1-5] additional polarimetric coverage of the most
have been shown to provided data on a wide variety recent ice study sites. This event sequence is
of phenomena such as the detection of eddies, illustrated in Figure 2. In addition, a dedicated
fronts, upwelling areas, internal wave, gravity polarimetric mission was conducted in which star
waves, surface winds, ice thickness, ice patterns consisting of three passes at each of the
concentration, ice kinematics, floe size three SAR frequencies were flown with the ship as

distributions, and ice surface roughness. Remote the intersection point. Specifics concerning the
sensing is the only means to obtain mesoscale polarimetric flights as well as the mosaic
synoptic coverage of these phenomena at missions are provided in Table 3. Polarimetric
sufficiently high spatial resolution. Remote scatterometer measurement sites were observed at
sensing science issues include sensor validation, angles from 200 to 700 ind are summarized in Table
algorithm development and utilization of products 4. A summary of the F,,jor ice characterization
obtained through remote sensing to solve arctic measurements performet luring this investigation
problems. are provided in Table .

An ice strengthened ship was utilized during
the eight month CEAREX period as a platform to PR.ULTS
measure active and passive microwave signatures of
snow and various sea ice types from fall freeze-up Very preliminary results from the
through winte- ice growth until early spring. polarimetric scatterometer measurements are
Microwave signatures studies were developed to described in a companion paper. At the time of
closely coupled to surface observations so that the writing of this paper, no digital processing



had been done with the SAR data collected during
the March phase of the CEAREX investigation.-
Real-time imagery have been assembled into mosaicsI
and are being used in the planning of future IeMsianalysis efforts and the extraction of geophysical Pat(

information about the MIZ.
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Table 4. Ship-Based Polarlmetrlc Scatterometer
Sit*

18 Mar 1935 Multiyear Ice Floe

19 Mar 0000 Open Water-Ice Growth Evolution
Expeniment (T - 0 to 5 cm)

19 Mar 1000 Young First-Year Ice Floe
(T . 50 cm)

19 Mar 1730 NewlIce (T -5.5 cm) with 800/
Frost Flower Coverage

19 Mar 2230 Grey White First-Year Ice
(T - 35 cm)

20 Mar 0830 Large Thick Multiyear Ice

20 Mar 1950 open Water

21 Mar 1150 Multiyear Ice

21 Mar 1850 Open Water

22 Mar 1330 Open Water

23 Mar 1400 Multiyear Ice

24 Mar 1030 Open Water
24 Mar 2200 First-Year Ice (T . 1.6 m)

26 Mar 1200 Multiyear Ice

27 Mar 1230 Open Water

28 Mar 1150 Multiyear Ice



POLARIMETRIC RADAR MEASUREMENTS OF ARTIFICIAL SEA ICE
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ABSTRACT Observations were made of the growth cycle of sea
During the winters of 1988 and 1989, fully ice over two 2-month periods during the winters of

polarimetric microwave measurements were made of 1988 and 1989. Maximum ice thickness was 20 cm. The
artificial sea ice at frequencies of 1.8, 5, 10, and standard array of physical property observations
35 GHz and incidence angles ranging from O to 600. (I.e. fabric analysis, salinity, density, and
A 5 m x 15 m outdoor tank was filled with sea water temperature) were assembled and supplemented by
and the time evolution of the growth cycle of sea ice location, description, and statistical analysis of
was observed over two 2-month periods. During this internal inhomogeneities and surface roughness
investigation, continuous detailed scene statistics. These observations are being performed
characterizations and passive microwave observations to document and study their influence on backscatter
were made so that an integrated comparison of and emission. These data or derivatives provide the
backscatter and emission could be supported with critical inputs for the validation and further
theoretical predictions. Details of this development of electromagnetic scattering and
Investigation and preliminary results are presented emission models. The roughness of the Ice surface is
herein, known to be important in determining the general

backscatter level for first-year ice. Experiments
were performed to study the change in backscatter and

INTRODUCTION polarization signatures with various roughness
The microwave properties of sea ice grown at the scales. Effects of freeze and thaw conditions were

U.S. Army Cold Regions Research and Engineering also examined.
Laboratory (CRREL) were Investigated during the 1988
and 1989 winter seasons. The sea Ice facility Is During this investigation, fully polarimetric
comprised of a 5 x 15 meter outdoor tank of a 1.2 measurements were made to acquire the complex
meter depth filled with sea water, a tent to protect scattering coefficients at VV, VH, HV, and HH
the Ice sheet from snow and rain, a gantry style polarizations (i.e. VH indicates vertical transmit
instrument mounting structure, and heated working and horizontal receive). The data are recorded such
environments in the immediate vicinity of the tank that the scattered field is completely described.
(See Figure 1). The tank size, determined by This radar has been briefly described in a paper by
Instrument and experiment needs, allows for the Onstott [1]. Measurements were also made to
acquisition of independent spatial samples and qualitatively determine the dominant scattering
measurements at angles from vertical to 60 degrees. mechanisms by recording unprocessed backscatter
These efforts, part of a new three year laboratory- returns. In addition, millimeter wave data were
based investigation which began in 1988, are focused collected during the 1988 investigation at 18, 35,
on understanding the microwave signatures of sea ice. and 94 GHz using a noncoherent radar. Scatterometer
This is being accomplished by detailed studies of the parameters used during Cold Regions Research and
various aspects of the backscatter and emission and Engineering Lab Experiment (CRRELEX) are Included In
through the intercomparison of measured data and Table 1.
theoretical predictions. Strengths of the CRREL Ice Active and passive microwave measurements were
Tank Facility are the ability to control the temporally multiplexed so that an integrated study of
chemistry of the ice sheet, to control to a backscatter, emission, physical properties, and
reasonable degree the ice crystal structure of the electromagnetic modeling of sea ice could be pursued
ice, and to provide an environment which allows the rigorously. An overall goal of this program is to
time required to rigorously measure the physical and advance the state of understanding of the microwave
microwave properties of ice which closely simulates properties of sea ice so that future satellite data
that found in the Arctic. The time factor is may be fully utilized by the scientific community.
particulary important because of the scientific Fundamental questions which are of particular
interest in fully characterizing the microwave interest in sea ice science are: how do the
properties and scene. The number of frequencies, contributions of surface and volume scattering change
incidence angles, polarizations, spatial samples, and as Ice ages, what information is contained in the co-
temporal samples are extensive. In addition, active pol phase difference, what is the correlation between
and passive observations are not made simultaneously HH and VV scattering coefficients, do important
to prevent any potential corruption of the complete geometric orientations exist in the ice sheet, and is
accuracy of the data. scattering sensitive to them, and what are the
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internal anisotropic physical-electrical properties? During 1989, two ice sheets were observed with
one observed continuously over a 6-week period.

OBSERVATIONS Thickness ranged from 0 to 20 cm. Measurements were
multiplexed (i.e. half-hour sampling periods) duringDuring 1988, multiple ice sheets were grown which the rapid growth phase to allow both active andwere observed over a 2 month period. Observations passive microwave signatures to be characterized. To

were made of open water, 5 mm thick new ice, 8 cm simulate multiyear ice, an ice sheet was grown to 20
thick grey ice, 12 cm thick grey ice which had a cm, harvested, and then placed on pallets prior to
rough, air-ice interface (rms roughness of about I the beginning of the previously iterated measurement
cm), 12 cm thick grey ice with a liquid film water on series. Over a period of several weeks the brineits surface, and 20 cm thick ice which had undergone trapped within the ice sheet drained and the porositydesalination and showed some of the characteristics of the ice increased because of the many freeze-thaw
associated with multiyear (See Table 2). Description periods. Desalination and a reduced density are twoof the rms roughness and spatial correlation length important characteristics which determine thestatistics are provided in Table 3. Microwave microwave signatures of multiyear ice. Observationsobservations of the angular responses of the new and of an ice sheet composed of one and two layers of
grey ice at C-band, provided in Figure 2, indicate this desalinated ice were made. These data were
that the fundamental property change during the undergoing signal processing at the time of writing
growth period of new to grey ice Is In the reduction this paper. Scenes observed during 1989 are Iof the complex dielectric constant. The surface par . sten oble 4
roughness statistics for both of these scenes were partially listed in Table 4.
identical to those of a very smooth surface (i.e., an CONCLUSIONSrms height variation of 0.05 cm and a correlation
length of 0.7 cm). It was observed by Onstott [2] in Absolute backscatter levels for new to grey ice1985 that effects due to blowing snow and the erosion asolutebcktte le fornt rey icof the upper ice surface, attributed to evaporation, are small, except for the (large) coherent returns at
did rghen he ice surface oftryie t rag , vertical. The backscatter responses of new, grey,did roughen the ice surface of gre ice as it aged. rough grey, and desalinated first-year ice at linear IWhen air temperatures are cold (T t -206C), typical polarization were found to be dissimilar. This wasof the major sea ice growth periods in the Arctic, further demonstrated by examining their polarization
the formation of frost flowers rapidly changes the signatures. At C-band the critical differencevery-smooth, low-dielectric slabs of grey ice to between new and grey ice signatures lies in the orderhighly scattering slabs who have an overlay composed of magnitude difference in their dielectricof high-dielectric needles. Observations made during constants. Surface roughness observations and1988 show that during the transition from new to grey microwave signature angular variation suggestice the dielectric constant changes by an order of Identical roughness statistics for these two ice
magnitude (ie. from an Er, of 38 to 4) resulting in a types. This will be ronfirmed by examining the 1989
6.7 dB offset between the signatures shown in Figure data.
2. These results also show that for these two ice
types the backscatter response at VV and HH
polarizations are similar at angles from vertical to
40 degrees, with the possibility of a few dB of
spreading at the larger angles. Nearly identical REFERENCES
returns at VH and HV suggests reciprocity, i.e., that
VH a HV. Angular response decays rapidly (i.e., at 5
GHz it is a minimum of 5 dB per 10) and the large I) Onstott, R.G. and S.H. Gaboury, "A Polarimetric
separation between like and cross polarized returns, Microwave Scatterometer," IGARSS '88 Proc., Vol I
from nadir to 20 degrees (i.e., at S GHz it is a 1, p. 571, Edinburgh, Scotland, Sept. 1988.
minimum of 20 dB for the range of angles between 0
and 20*), is characteristic of scatter from a 2) Xue, D., R. K. Moore, T. H. Lee and R. G.
dielectric with a smooth surface but with sufficient Onstott, "Microwave Backscatter Coefficients of
penetration and size and number of inhomogeneities to Artificially Grown First-Year Sea Ice," IGARSS
produce the small volume return necessary to generate '86 Proc., Vol 1, pp. 139-146, Sept. 1986.
the very weak cross-polarized value. Study of the
measurement system response, the inhomogeneities in 3) Deschamps, G.A., "Part II - Geometrical
the upper most portion of the ice sheet, and representation of the polarization of a plane I
theoretical model predictions will be used to wave," Proc. IRE, vol. 39, pp. 540-544, May 1951.
validate this hypothesis.

The change in backscatter levels for arbitrary
co-polarizations may be derived from the target
scattering matrix [3]. The illustrations provided In
Figure 3 of new, grey, rough grey, and desalinated
first-year ice at 5.0 GHz and 40 degrees are shown
for visualizing the polarization properties of ice as m
it evolves. It was anticipated that based on the
backscatter responses at the linear polarizations
that the polarization signatures would further
illustrate the differences in the processes which are ACKNOWLEDGEMENTS
responsible for scattering at each of these ice
scenes. It Is expected that the differences in the This work was supported under the Office of Navalsize of the pedestal on which the signatures rise, Research (ONR) and the National Aeronautics and Space
the width of the peaks and nulls, and the difference Administration (NASA) Contracts N00014-86-C-0469. Thein the magnitudes between peaks and nulls are a few technical monitor for this work was Mr. C.A. Lutherof the properties which may be exploited through (ONR) and Dr. R.H. Thomas (NASA).polarimetric measurement.
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TABLE 1. SCATTEROMETER PARAMETERS USED TABLE 2. OBSERVED SCENES DURING 1988
DURING CRRELEX

Polaimeiic:Open Water (8i - 45 to 55 Degrees)

Freq . 1.75, 10 anid35GH4Z Now ice (A z35mm)

Polarization . Quad Grey Ice (A z = 12 cm)

Angles . vertical to 60 Degrees Rough Grey Ice (A z s12 cm) With 1 cm, Roughness Elements

Height . 3 m Rough Grey Ice (A z 12 cm) With 2 cm Roughness Elements

Sampling . Point & Power spectrums Warm Grey Ice (a z 12 cm)

Desalinated Grey Ice (A z z 20 cm)

Non-Coherent:

Freq. - 10, 18. 35, and 94 GHz

Polarization . Quad (10 GHz) anid Dual
(18. 35 and 94 GHz)

Angles . 15 to600Degrees

Height 3 3m

Sampling - Point and Transect TABLE 4. OBSERVED SCENES DURING 1989

TABLE 3. CRRELEX '88 SURFACE ROUGHNESS RESULTS Open Water

New Ice (a z =0 to 5 cm)
Ow. TAZ To A Zte 0 swon'Swg sot ke'vw co.Ow~s

o "Grey Ice (Az -5 to20 cm)

14 s *W 6 5 6 0046 0.669 so 25 opSc. Grey Ice With a Thin Slush Layer

. o~ 0.21 24 ommsuraceGreyr Ice With 1 cm Wet SnowIa o iI1165 20 Grey Ice With a Melt Roughened Surface

15o 9 8 0 544t 1.9t4 2oS oR~hm Grey Ice With 4cm Moist Snow
053 .34 "VC.MW to 2 LSM

ism 9 a 06111 21571 2 2 tonuokmDesalinated Ice (a z - 20cm)

a m L ~ q C ~ e d o I L a WD e s a lin a t e d Ic e (A z .4 0 c m )

paw

Figure 1. Photograph Showing ORRELEX ice Tank Facility and Microwave Scatterometers
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THEORETICAL AND EXPERIMENTAL STUDY OF THE
RADAR BACKSCATTER OF ARCTIC SEA ICE

Robert G. Onstott

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
P.O. Box 8618, Ann Arbor, MI 48107I

A theory has been developed to model salinity of 10/oo and T = -5 C is
the backscatter from sea ice. This model approximately 2.4 m. Ice sheet
has proven useful in interpreting the characterization data show significant
microwave signatures of the many ice numbers of air bubbles (sizes of 1 to 3
forms. Results have also been used in mm) in the upper portion of the ice sheet
providing direction in the measurement of of a size which is within an order of
physical and electrical properties in magnitude of the size of the radar
recent sea ice investigations. The wavelength in ice. These bubbles provide
parametric studies which have followed the critical source of scatter within the
have allowed the examination of the volume. Another ice sheet inhomogeneity
sensitivity of the microwave signature tc is the brine pocket. They are very small
changes in key ice sheet parameters. in size compared to a wavelength (radius
These include salinity, temperature, of about 0.025 mm and lengths of about 3

brine volume, density, air bubble size, to 5 mm) and are shown to have a
and surface roughness. negligible contribution.

The first attempt to describe It is also hypothesized that
theoretically the radar backscatter for first-year ice is dominated by surface
sea ice was by Parashar et al [1974]. scatter with at most a minor contribution
Results were mixed prompting support for arising from volume scatter. Backscatter
a program which included coincident near- data show a rapidly decaying angular
surface backscatter measurements and response at angles near vertical which
physical property characterizations. A supports this hypothesis. The surface is
qualitative description of the critical rough, and roughness elements are
scattering processes at work was made by typically on an order less than a
Onstott (1980] and was were based upon wavelength. A dramacically large
the results of these field investigations attenuation coefficient (i.e., ice with a
[Onstott et al, 1979, Onstott et al, salinity of 80/0o and a T = -5 C has an
1982]. An empirical model was also attenuation coefficient of 300 - 500 dB/m
developed to describe the angular and and a skin depth of 2-3 cm at 10 GHz)
frequency variations of thick first-year further strengthens this argument. The
sea ice, multiyear sea ice, and lake ice. scattering volume is obviously small and,

This qualitative discussion provided a as ice characterization measurements
basis from which theoretical formulations show, air bubbles are infrequent and
were selected for their application in brine inclusions are extremely small. It
describing backscatter from sea ice. The is argued that surface scattering
data acquired during the field investi- provides the dominate backscatter

gations also provided model inputs and mechanism.
the radar data for model verification. Lake ice and frozen melt pools (fresh

Let's first consider the model for water ice) of sea ice are found to
multiyear ice. Backscatter levels are produce weak Ladar returns. Ice surfaces
large and reduce gradually with are smoother than typical sea ice, and
increasing angle. This suggests that the upper ice sheet layer does not
volume scattering contributes to contain large numbers of air bubbles.
multiyear ice backscatter. Surface The absolute level of surface scattering
scattering is also expected to be is expected to be lower. However, in

important because returns fall off too fresh water i-e penetration depths are
rapidly at large angles to be able to be very large. .t is suggested that the
modeled by volume scattering alone, volume scatter which may arise from the
Calculation of the attenuation small air bubbles found throughout the
coefficient and skin depth for multiyear ice sheet and the long drainage tubes
ice further support this hypothesis. The (diameters are on the order of .5 mm and
scattering volume at 10 GHz with a lengths are on the order of a wavelength)

I
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which are found near the bottom of the of its dielectric constant increases.
ice sheet be considered. Recent backscatter investigations

These hypotheses provided the basis of (Onstott et al, 1987] show that
the theoretical and experimental studies differences in surface roughness, the
which follow. The results of the thickness of snowpack, the distribution
application of a combined rough surface of meltwater, and the differences inand volume scattering theory to sea ice deformation characteristics are the
and snow backscatter was first presented primary contributors to differences in
by Fung and Eom (1982]. A detailed the microwave signatures of the variousdiscussion of the physical and electrical ice types during summer. As an example,properties of sea ice, the extension of signatures of thin and medium first-year
the model to include two ice layers, and ice differ from those of thicker ice when
a full discussion of the ability of a the snow-ice interface is roughened by a I
combined rough surface and volume superimposed ice layer.
scattering theory to model sea ice was Radiative transfer theory was used inlater presented by Kim, Moore and Onstott the modeling the volume scattering. Sea
(1984]. The applicability of these ice is modeled as a continuous randommodels and modeling results are presented medium with a cylindrically symmetricin the remainder of this paper. correlation function for its permittivity

The surface of homogeneous first-year function. It is assumed that the Bornice it flat topographically but rough in approximation is applicable for computing
the small scale. The Kirchoff the scattering phase function of the
formulations for rough surface scattering inhomogeneous medium. A description ofwere selected because of their apparent this formulation is provided in Fung andapplicability. These formulations are Eom [1982].
derived in Ulaby, Moore and Fung (1982]. In the Kim, Moore and Onstott model
The predictions of the physical-optics the physical and electrical properties of
formulation for slightly rough surfaces multiyear sea ice were generalized andand the geometrical-optics formulation described using two layers. Thesefor very rough surfaces were compared to included a layer of low density ice andmeasured microwave signatures of first- an ice layer representative of the mid
year ice. For operation in the frequency portion of the ice sheet. The upper mostrange from 1 to 18 GHz there is an ice layer may have densities as low as
expectation that there will be some 700 kg/cm 3 and a thickness of manyoverlap in describing the surfaces as centimeters. It is also almostslightly rough or very rough. Results salt-free. Air bubbles with diameters ofshow that the physical-optics model with 1 to 3 mm are the key inhomogeneities inan exponential correlation length this layer. The second layer is composedprovides a good ability to predict the of clear ice with occasional, small airscattering characteristics of measured bubbles. Densities are much greater anddata. This includes the fast angular may range from 850 to 926 kg/cm 3 (purefall-off in the small incidence angle ice has a density of 926 kg/cm 3 ). It is
region and the almost linearly increasing useful to note the correspondingfrequency behavior at angles off reduction in the air bubble volume. In
vertical. The latter is a fatal flaw in addition, the bubbles are smaller inusing the physical-optics model with a size (typically with diameters less thangaussian correlation function. An I mm). Salinity often ranges from 10/ooimportant note is that the successful to 20/oo. This layer is modeled as aprediction of the frequency response half-space because microwave energy isshown in the empirical data was not expected to be either reach or be Iaccomplished with the same surface reflected from the ice-water interface.parameters throughout the frequency As the ice water interface is approached,range. However, recent measurements of temperatures gradually increase until the
multiyear ice during summer (Onstott et sea water temperature is reached
al 19871 when the backscatter response is (typically about -1.8 C). salinity alsodominated by surface scatter suggests increases to about the salinity of seathat in this situation different water (typically about 320/oo). Complete
correlation lengths and possibly absorption is expected prior to reachingdifferent correlation functions may be this interface. Irequired to predict the backscatter The two ice layers are described usingresponse for operation at frequencies the five physical and electricalfrom I to 18 GHz. parameters: (a) the average permittivity

Backscatter data acquired during of the ice layer, (b) the permittivity of
summer show that radar contrast between the inhomogeneities (air bubbles), (c)first-year and multiyear ice is greatly the depth of the upper ice layer, (d) thereduced. The theoretical models also average density of each ice layer, and
predict a significant reduction in (e) the diameters of the inhomogeneities
contrast. Volume scatter from multiyear (the air bubbles were shown to beice will be less because penetration adequately described as Rayleighdepths reduce when the ice sheet warms, scatterers). These parameters allow thecollects moisture and the imaginary part calculation of the absorption

I
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coefficient, the volume fraction of air ACKNOWLEDGEMENT
bubbles, the number of scatterers per
unit of volume, and the volume scattering This work was supported under Office
coefficient for each layer. of Naval Research (ONR) Contract N00014-

Comparison with measurements have 85-K-0200 and under the National Space
produced the following conclusions for Administration Grant NAGW-334. The ONR
snow free multiyear ice. Absolute and NASA technical monitors for this work
scattering cross-section levels are most were Mr. Charles A. Luther and Dr.
sensitive to the imaginary part of the Kenneth C. Jezek, respectively.
dielectric constant, to the size of the
air bubbles, and to the number of air REFERENCES
bubbles; hence it is very sensitive, ifnot dominated by, the low density portion 1. Parashar, S.K., "Investigation ofof the ice sheet. Model predictions show Radar Discrimination of Sea Ice,"

that backscatter levels increase rapidly Ph.D. Thesis, University of Kansas,
when the thickness of this upper layer Lawrence, Kansas, 1974.
increases from zero thickness, but
backscatter levels increase very slowly 2. Onstott, R.G., R.K. Moore and W.F.
once a thickness of about 20 cm is Weeks, "Surface-Based Scatterometerreached. Results also indicate that Results of Arctic Sea Ice," IEEE
below about 8 GHz the importance of Trans., vol. GE-17(3), 1979, pp.78-85.
surface roughness and topography
increases as frequency decreases. 3. Onstott, R.G., R.K. Moore, S. GogineniThe magnitude of the volume and C. Delker, "Four Years of Lowscattering component for snow free Altitude Sea Ice Broadband Backscatter
first-year ice has been examined and the Measurements," IEEE J. Oceanic Engrg.,contribution of both air bubbles and vol OE-7, January 1982, pp. 44-50.brine inclusions considered. First-year
ice is more saline. The density is high 4. Onstott, R.G., "Radar Backscatter
(about 900 kg/cm 3 or higher), the air Study of Sea Ice," Ph.D. Thesis,
bubbles are small in size compared to University of Kansas, Lawrence,
those in multiyear ice, and the brine Kansas, 1980.
inclusions are extremely small in size.
Model results indicate that volume 5. Fung, A.K. and H.J. Eom, "Application
scattering levels only reach those of a Combined Rough Surface and Volume
provided by surface scattering when the Scattering Theory to Sea Ice and Snowice surface is very smooth, the upper Backscatter," IEEE Trans., vol GE-20,
portion of the ice sheet has an unusually no. 4, October 1982, pp. 528-536.
low density, and the radar is operating
at frequencies greater than 10 GHz and at 6. Kim, Y.S., R.K. Moore, and R.G.
large angles. Brine pocket (modeled as Onstott, "Theoretical and Experimentalspheres having diameters of 0.1 mm) Study of Radar Backscatter From Seacontributions are found to be negligible. Ice," University of Kansas, Lawrence,
Only when diameters reach an extreme Kansas, Report #RSL TR 331-37, January(diameters of 0.5 mm) is there any 1984.contribution and then only at the highest
frequencies and for very smooth ice. 7. Ulaby, F.T., R.K. Moore and A.K. Fung,

The parametric study suggests that Microwave Remote Sensing, Vol. i:
first-year and multiyear ice may be Fundamentals and Radiometry; Vol. II:
confused when first-year ice is very Radar Remote Sensing and Surfacerough, has an exceptionally high Scattering and Emission Theory;
salinity, and is a few degrees from the Reading, Massachusetts; Addison-
melting point, and when multiyear ice is Wesley Publishing Company, 1981, 1982.
slightly more saline, the temperature is
a few degrees from the melting point, the 8. Onstott, R.G., T.C. Grenfell, C.surface is moderately rough, and the air Matzler, C.A. Luther, and E.A.bubbles are small but still typical of Svendsen, "Evolution of Microwave Sea
multiyear ice. This confusion reduces as Ice Signatures During Early and Mid
frequencies increase. Summer in the Marginal Ice Zone", JGR

Oceans (in press).

Im
I

I!



EFFECTS OF CHANNEL IMBALANCE, COUPLING,
AND NOISE IN POLARIMETRIC RADAR

MEASUREMENTS
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ABSTRACT P. (1 R2)(: S2 12 T2 (2)

Polarimetric radar measurements are corrupted byS

numerous sources which may contribute errors when at- P. = S11R IT1 + S12RIT + S21R 2T + S22 R 2T (3)

tempting to derive true scattering coefficient information. The above equation can be rewritten as an inner product

The coupling between the transmit channels, the coupling between two vectors 5 and V,

between receive channels, gain imbalance between channels, T

and the influence of the system noise floor may all have S 11 ( Sli 12 S 21 S 22 ) (4)

detrimental impacts on the ability to accurately retrieve

required information. The information provided Iby vari- V = RT RT 2 R2T R2T ) (5)

ous radars varies with the unique differences in these error p. = VtS (6)
sources. In this paper, the importance of each of the er-

ror sources will be exanined by a perturbation study. The where SUlerscript H indicates tie complex conjugate of the

impact of the error sources on the discriminability among transpose. The received intensity is then given by,

various clutter types will be discussed along with the prac- ip2 = vIS-t(v
tical limits for removing the various sources of error.(7

The expected value (denoted with 0's) of the received in-
1 INTRODUCTION tensity we refer to as the average power and is given by,

In the following derivation we will assume linear dis- P ="CU (8)

tortion and bound the errors one would observe in polari- where C is the covariance matrix defined by,

metric measurements. Simplifying assumptions concerning

the form of the covariance matrix and the distortion ma- C (_S_1) (9)
trix are made to get analytic results. The same approach
could be used for any non-singular covariance matrix and The scattering matrix measured by a polarimetric

numerical results could be obtained, radar will be distorted and corrupted by noise. Assuming

The goal of this research was to determine how chan- a linear model for distortion D and noise given by F, the

nel imbalance. channel coupling, and system noise could be measured scattering matrix M written in a vector form M

specified so that no single source of error would predom- is,

inate. Since the errors due to each source vary with the M1 = D_+ N! (10)

measured covariance matrix, one must know what covari- where,

ance matrices will be measured with a system as well as tile ( , 12 A121 11122 ) (11)
needed precision of these measurements in order to specify

needed system performance. ( N1 2 N2 1 N2.. (12)

2 DERIVATION The measured signal P. at a given polarization is then

A received radar signal P., at a specific receive po- p= "M (13)

larization R can be expressed in terms of a transmiit polar-
ization T and the scattering matrix S as follows: The intensity is then,

P = RrST (1) lPmi2  V"MM A _. V(14)

where superscript T indicates transpose. Expanding the Assuming noise _A' and scatter 5 are uncorrelated, the av-

above equation. erage power is given by,

I
I
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IP.I"> =nDCDttV + L'nN V (15) is a rasonable approximation for scatter from most dis-
tributed targets. A further approximation will bc made

where, by assmning the co-polarized channels have equal intensity

N = (NA") (16) or (S,,S,) = ($22S 2 ). This approximation is crude but
makes the mathcmatics much easier. The resulting covari-

fthe ditor matrix histwosall eritrt ns he ce niatrix is normalized so that the 11 element has valueof the identity matrix I plus two small pertulrlationls due one and the mamitrix hans the following form:U

to channel imbalance B and channel coupling or leakage L

D=IB L (17)= (25)

Eqitation 17 can 1e can be substitited into 15 at a Ift.ir c 0 1

neglecting second order teris, In the above covariance matrix it is assumed both a and c
0It'..-' -- 1 "CV I V"lC1I WIf~lV I E~ lCl ]V i V"N1_ are real and -1 < c < 1. The channel imbalance matrix is

-I assumed to have the following form:

(18)

'Thue V elitia tit t sh owYs thait theI it tilsuried power (I P .) / 0i 1 0-it a specific transinit-receive polarization Vz is giweii by the B= l 20 6
sum of four terms: (1) the uncorrupted signal LB= t(b1)2;)

the channel imbalance power V"fCB" + BCJIE; (3) the The chanel coupling matrix is assumed to have the follow-

channel coupling power V" [CL";+ LC]I; and (4) the noise ing form:

po'r VNV. l0 10
We went to measure the total scattering properties L=I1 1  0 14 (27)

of targets at arbitrary polarizations with minintuni error. 0 0i

Thuls, we will x.,fii e .c ueof va,'h of thi error t'rmiws The noise covariamlce iatrix is assumied to have the follow-
relative to the ii'crrl' signal. We definc t I iii izg form:error ratios: 

0u for0:
EB = Vi[CB"+ BC]V (19) N= 0 (28)

I"'Cl, 0 0 n

[CL + IC]I. The error ratios ER, Ej,, EN defined in equations (19)
E L =+ (20) through (21) cannot be evaluated exactly without knowing

- - the exact values for the polarization E, the signal covari-
E - l'"NV (21 aMict C, the channel imbalance B, the coupling L, and the

iCVnoise covariance N. However, these errors can be bounded
by first assuming the functional forms for C, B, L, and N

These ratios are all highly dependent on the covriance Illa- given respectively in equation (25) through (28). Then the

trix C. TIus, to make logical conclusions aioait the effect polarization vector V will be varied to maximize the ampli-
of various distortions ote titist assumne or have knowledge tide of the error ratios. To evaluate the maximum of the

of the rowariai c i natrices tile- is likely t,, iisrit,. error ratios for various polarizations let
We will assitlne a rcalistic yet simple ft'1tii1 of time

covariance matrix and bonid the errors utie to imlahnce, ff C V (29)

cotipling, and noise. To simplify thle inathieiatics we know I" C- U

that iltost scat teting is rci Illic cit and S,., = S t. TIal fot ur
dinseional vi(iors a I matrices can then All Ibe rediwced Tle error ratios the become:
to three dimensions is follows: )E, = LC

-
iL L CB" + BC]C- ( 0)

If El. L"C- t[CL" +  IC- 1U (

i = ( RT, RlT, + RT, R, T,) (23) U L -- (31)

= ss, EN = 5 2 (32)

(S",S ) (s52S 2) (S12,S; 2) (
(S I2S l) (S22S 1) (S 22&,S;2) The mnaxiitum amplitude of the above ratios are given by

The above equtation will lbe further siniplified bv assuming tie i u o C "+BCC•~~~~ i nlaxllUtln amphitude eigenvahits of (C-2 [B+B]-
the cross-cori-clations ( andS;) ant (S, 2 S',2 ) ate zero. This C -CI,C aridC-2NC- . The three eigenvnhis

I
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I for each matrix were calculated and the inaxiiiui cigen- has amplitude:

values were determined.
The eigenvalues for the channel imbalance error are EN - or or (37)

dependent on the phases and anplitudes of bi, b2, and b:,. 1 - 1 + C
Howevcr, tile 11nhLxinulllll error cali I be, bo 1d ,'ll if we Ags1 , l \ li. I le valt's ofi 11(d c det.-'imiill which of these ex-

the inbalances .1rc tile salle amplitilde as follows: pressions is the largest.

I 11,1 = 11,21 = I1, = b (33) 3 RESULTS

The phases of h, , 1P2, and L., 7' ,: liit, cei i to vield t le o Inutify tli resiIts we will Lsliie various rea-
mllaximun eigenvalue amplitude. This is tile ija.xhimiliJ rel- souable values for a and r. Then we will calculate the mag-

ative error and is nitudes of the imbalance b. the leakeage 1, and the noise n
2b which all give rise to tile same relative error. For ease of

=e V-1 _ 11 (34) colnlmrison, results will be presented in dB with the follow-

Note that this error can be infinite when c --+ ±1. This ing definitions:

is because for c = ±1 there is a polarization combination cross-polarized relative intensity This is the intensity

where the uncorrupted received power is zero and so the of the cross-polarized channels relative to the co-polar-

error is infinite relative to the signal. ized channels. In dB it is defined as 10 log a.

The eigenvalues for the channel coupling error are co-polarized correlation This is the value of the cross-
dependent onl the phases and aliplitit(lcs of 11, '2-13.111(1 14. correlation between the two co-polarized channels. In
However, the maximum error can be bounded if weassulII (11 it is defined as 10 log .

the couplings are the same amplitude as follows:

nininium signal-to-error ratio This is the inverse of the
I1 =1 1121 = 1131 = 1 (35) error ratios defined in the previous section. Here we

The phases of 11, 12, 13, anod 1.1 -are then chosen to yield have assumed all the error ratios are equal EB = EL =

The hass o I~ 12 13,and1.1aretilil C~osll o yeldEN = E and in (11 the liiiiiinluin signal to error ratio
tile maximum eigenvalue anplitude. This is the naxillull is -10 logE.
relative error and is

4 2a '2 channel balance This is a ineasure of how well balanced

IELI,.x = 1 + + -(1 + c) the channels of the radar are. In dB it is defined as
I~9- l)" og (I + b).

charniel coupling this is a measure of how much leakage
= 14 +2a +2 between channels there is ill tihe radar. In dB it is

=l + (1 - c )(1 defined as 201log 1.

I or (3G) co-polarized SNR This is the signal-to-noise ratio in the

2a 2 co-polarized channels. In dB it is defined as -10 log n.I = Ivl+,+-(1-c)

+ c a Results for some assuned scatter daracteristics are pre-

or seated ill Table 1.

21 2 4 CONCLUSIONSI 1-c
Table 1 shows some of the needed system paramne-

The values of a anid c will determine which of the above ex- ters to accurately measure (ninimumn signal-to-error of 3

pressions has the maximum value. Note that this error can (11) sone example covariance matrices. Based roughly on
be infinite when c - ±1. This is because for c = ±1 thlere is this table we can sinlply state needed system parameters.
a polarization combination where the uncorruptcd received First., the channel balance needed is depenident oi1 the corre-

power is zero ard so tie error is infinite relative to the sig- lation between tile co-polarized channels. If this correlation
nal. Similarly. the error can be infinite when a -- oc or coefficient is -3.0 dB the channel gains nust be balanced to

a - 0. Tile a - ±oo is of concern since we nornmlize the within 1.G dB. Second tile channel coupling is most strongly
covariance inatrix by dividing by the 11 element. Thus, a dependent oi1 tile ratio of the powers ill tile co- and cross-

zero 11 elemnent ill thie covarianice ilatrix woild cause a to polarized channels. The coupling must be approximately 10

be un(lefined. (I1 less than the ratio of the lower-powered channel to the
The inaxinluin eigenvalue for the systen noise error higher-powered channel. Again, more exact specifications



could be calculated for a specific covariance matrix.
It should be pointed out that linear distortions (if

known) could always he removed. The prol)lem is nieaslir-

ing the distortion exactly. For example, an imaging radar

with a broad swath might have spatially varying distortions
and to chracterize this distortion would re(juire deploying
many calibration targets over the whole swath. These tar- I
gets must all he measured with enough signal-to-noise (or
clutter) that the distortions can he accurately measured.
Also, to remove distortions would require an extra step in
processing dilta. For these reasons it is iup)rtllnt t) strive
for miiiimial distortions from the start.
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Table 1: Some example relationships between covariance
matrix parameters and various sources of error. I

covariance matix parameters system parameters minimum

cross-polarized co-l)olarized channel dhwnel cn-p'lhrized signal-to-errorI
inesiy 1correlation balance coupling SNR

-30.0 dB -3.0 d1B 1.6 dB -40.8 d 33.0 dB 3.0 dB
-30.0 dB -1.0 dB 1.2 dB -41.6 d 33.0 dB
-30.0 dB -0.2 dB 0.6 dB -41.9 d 33.0 (IDB
-20.0 (ID -3.0 (IDB 1.6 d -30.8 (ID 23.0 d
-20.0 (ID -1.0 (ID 1.2 (l3 -31.6 dD 23.0 dB
-20.0 dB -0.2 (Id 0.6 dB -32.0 (ID 23.0 (ID I
-10.0 (ID -3.0 dB 1,6 (IDB -21.3 d 13.0 (Id
-10.0 (In -1.0 (ID 1.2 dlB -22.0 d3 13.0 dB
-10.0 (ID -0.2 (ID 0.6 (lB -22.4 dB 16.5 dlB

0.0 dB -3.0 dB 1.6 dB -15.5 (ID 6.0 dD
0.0 dB -1.0 dB 1.2 d -17.5 (lB 9.9 dB
0.0 dB -0.2 (ID 0.6 (IDB -22.0 dI 16.5 (d

10.0 (ID -3.0 (ID 1.6 (Id -22.5 dB 6.0 B 
10.0 dB -1.0 In 1.2 (ID -26.1 dIn 9.9 dB
10.0 dB -0.2 dB 0,6 (ID -32.5 (ID 16.5 dB

-30.0 (ID -3.0 (lB (.9 (113 -16.8 dlB 36.0 (lB 6.0 (ID
-30.0 (ID -1.0 dB (.6 (ID -47.6 d1 36.1 (ID
-30.0 dB -0.2 (ID 0.3 dIn -47.9 (IB 36.0 dB
-20,0 dI -3.0 (I (1.9 dB -36.8 (lB 26.0 (ID

-20.0 (Il -1.) (ID 0.6 dl1 -37.6 dlI 26. (11
-20.0 dB -0.2 (Id 0.3 (ID -38.0 (ID 26.0 D
-10.0 (in1 -3.0 dB (.9 (n -27.3 (B 16.0 (I
-10.0(111 -1.0} (13 0. (1 -2S. I ]1 16.01 dIB

-10.0 (iB -(1.2 dl .(I( -28.1 (In 19.5 dI
(I1 d B -3.113 0.9 dl1 -21.5 (I1 9.0 dI
0.0(111 -1.0 (In 0.6 In -2:1) dlI 12. (113
0.01 dli 01.2 411 (.: dl1 "8.9d11 19.5 (113

10.0 (113 -3.0 (In (.9 (In -28.5 (lI 9.11 In
10.1 dB -1.0 (lB 0.6 (ID -32.1 dBI 12.9 (lB
10.0 (IB -0.2 (ID 0.3 (d -38.5 (IB 19.5 (ID
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THE DISCRIMINATION OF SEA ICE TYPES USING SAR BACKSCATTER STATISTICS

I
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IABSTRACT
X-band (HH) synthetic aperture radar (SAR) data of years. The SAR facility will contain a geophysical

sea ice collected in March and April 1987 during the processor, a dedicated computer that will utilize the
Marginal Ice Zone Experiment (MIZEX) was statistically processed SAR data to provide sea Ice concentration,
analyzed with respect to discriminating open water, ice type, and kinematics information. The MIZEX '87
first-year ice, multiyear ice and Odden. Odden is data although it was collected at X-band (HH) offers a
large expanses of nlas ice that rapidly form in the unique opportunity to develop and evaluate algorithms

Greenland Sea and transforms into pancake ice. A that can be Implemented on the geophysical processor.
first order statistical analysis indicated that mean As reported in ref. [2], the radar backscatter
versus variance can segment out open water and first- response between X-band (HH) and C-band (VV) is very
year Ice, and skewness versus modified skewness can similar.
segment the Odden and multiyear catagories. In This SAR analysis included the generation of
addition to first order statistics a model has been standard statistics (i.e., mean, standard deviation,
generated for the distribution function of the SAR ice variance, skewness, and kurtosis), within areas that
data. Segmentation of ice types was also attempted were intensively "sea truthed" by scientists operating
using textural measurements. In this case, the from the M/V POLAR CIRCLE. In addition to the

general co-occurrency matrix was evaluated. The standard statistics generated from the SAR data
textural method did not generate better results than several probability distributions were evaluated to
the first order statistical approach. describe the various ice types present within the SARI scene. These distributions include: uniform, gamma,
1. INTRODUCTION Gaussian, inverse Guassian, lognormal, and modified

Active microwave measurements were made of various Beta. It is postulated that such distributions can be
sea ice forms in March and April 1987 during the used to further differentiate ice types (particularly
Marginal Ice Zone Experiment (MIZEX). The microwave first-year ice with rubble). The distributional
measurements were made at 1, 5, 10, 18, and 35 GHz analysis has suggested that the SAR sea ice data are
using a ship-based scatterometer and aircraft mounted best fitted by gamma and lognormal (and sometimes
synthetic aperture radar (SAR). The SAR measurements inverse Gaussian) distributions and that these
were made at 9.8 GHz, horizontal transmit and receive distributions may prove useful in differentiating all
polarization, ice types present within the MIZEX SAR scenes.

The sea ice forms present In the Greenland Sea The use of textural methods (i.e., higher order

MIZEX operations area included: open water: open water statistics) were also evaluated with respect to
with grease ice streamers; new ice (5-8 cm thick); differentiating the ice sea forms present in the MIZEX
first-year ice (20-40 cm thick): first-year ice with SAR data set. The general co-occurrence matrix was
rubble (.60-1.5 m thick); and multiXear Ice (2-4 m used and found to generate very similar results to the
thick). Large expanses (200,000 km) of new nilias mean and standard deviation analysis.
sea ice (5 cm thick) forms in the Greenland Sea as a In this paper, we will first describe the MIZEX '87
result of oceanographic upwelling of cold water SAR data set and then discuss four cases of sea Ice
interacting with cold (< -1O'c) northerly polar winds, forms that were selected for the statistical analysis.
This rapid ice formation is referred to as the Odden The statistics results will then be presented.

and is discussed in Ref. [1]. The nilas transitions
l into pancake floes (10-15 cm thick) due to continued 2. DATA SETS

growth and wave action. MIZEX '87 in the Greenland and Barents Seas
The scatterometer data were used to validate the combined observations from both remote sensing and in

SAR backscatter values obtained at 10 GHz. situ data collections to provide an integrated
Additionally, the scatterometer data extended the SAR i-oach to the study of winter marginal ice zone
sea ice type classification to C- and L-band (MIZ) conditions. Favorable weather permitted 18
frequencies in order to predict the performance of the consecutive days of SAR coverage and field operations.
SAR instruments to be flown on the European, Canadian, The SAR system, with its high resolution (15 x 15 m),

and Japanese SAR satellites, clarity of image and real-time availability, proved to
NASA is presently building a satellite receiving be a powerful and efficient tool to aid in the

station in Fairbanks, Alaska that will collect and planning and carrying out of field experiments.
process in near real-time SAR data from these MIZEX was the first international experiment having
satellites that will be launched in the next 5-7 daily SAR coverage with real-time imagery down-linked

I
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to the ships in the field. This imagery was used on- Fifty-four areas from twelve SAR flights during the m
board POLAR CIRCLE to identify areas of interest such 31 March to 8 April 1987 time period were used in the
as the location of the ice edge, eddies, and ocean statistical analysis. Each area was approximately 100
fronts. The ship would then proceed to the SAR x 100 pixels which corresponds to a ground area of
identified areas to collect sea truth. The data was approximately 700 x 700 meters. The areas selectedalso used to select sites for detailed active and included incident angles of 30" to 70*. Typical open
passive microwave measurements and characterization of water (w), first-year ice (f), multiyear Ice (m), and
physical and electrical properties of the ice and Odden (0) areas used in the study are shown on Figure
snow. In addition to being down-linked, the SAR data 2.
was recorded on-board the aircraft on high densitydigi tal tapes. SAR Imagery4 April 1987 Ice Concentration

During MIZEX '87, two littera SAR equipped 18002145 LT and Floe Size Interpretation
aircrafts; STAR-1 and STAR-2 were deployed to collect
ice edge imagery. These missions are described in 1
refs. L3-4]. The Intera STAR-i and STAR-2 systems are
X-band (9.8 GHz) radars that transmit and receive with
horizontal polarization. Table I summarizes the
parameters of both systems while Figure I indicates
the imaging geometries. Figure 2 Is a representative
mosaic covering a 445 x 195 km area of the MIZ. On

the X-band SAR data, bright tones on the image
represent multiyear ice while the darker tones are
various stages on young ice. The blackest signatures I
on the image are open water. The SAR mosaic was
Interpreted using a hybrid manually assisted digital
technique to provide the interpretation key shown in
Figure 3. Note that the ice type and concentration
information is obtainable from this data based ontonal signatures.

16ABL 1. SIAR SPECIFfCA(IONS AS USl IN NItX •

PROVERIT STAR-2 SIAR-I I
ivleralinq Altitude 29.000 ft.
W4ae lejth x-band
Po larlitio# Hri

ViewIng Ulrection Left or Right I
Processing Real time

Recording 8 bit data, full 4 bit data, either Figure 2. Figure 3.
band.idth data IZ x 12m or 24 x 24.recording on plxels on serial SO-- 5% Mut, Year Fragnrts. It 5 3 5 m
parallel 110011 H Thick), 50-20 m in Diameter i a First

Sa.th width J Year Ice Framework. I< I m Thick) 20-45%1
t4row HI-Res) I? km Z3 km Total ice Concentration
Wide (to-Res) 63 km 45 km

PlAe size Along track/ Along track/ 50-60% Multi-Year Floes. (1 5- 4 rm Ihick)
cross track cross track 50-250 m in Diameter Surrounded by First

Year ice. (< I m Thick) 70-90% Total Ice
t-Res 4 a 4 • Not used Concentration, Some open Water Leads
LO-Res 5.2 x ME. 12 x 12m or 24 x 24o Exist

Do-nltik 4 bit% 4 bit% 40-501. Multi-Year Floes. 1-30 krn in

Azlimth Looks I I Diameter Surrounded by First-Year Floes.
(< I m Thick) 95% Total Ice Concentration.

Lo-Res 16 a tom or 1? x t2m or Some Open Water Leads Exist
32 x 32a 24 x 24m

For this study, the generic ice types present FreeOceanandPomnyas

within the test site were divided into four l
catagories. These included: open water; first-year
ice; multiyear ice; and the areas termed Odden (i.e.,
nilas and pancake). These four ice types represent New Nilias Ice. 3-15cm Thick Transitoning

to PancakeFloes. iO OOcminOiameterice thickness intervals that are accepted product 75-90% Total to Concentrationoutputs of the Alaska geophysical processor.

The. Large individual Floes

' ,,3. DISCRIMINATION USING FIRST-ORDER STATISTICS
The ability of first-order statistics (i.e.,

statistics based on individual pixel values, not
spatial correlations) to segment the SAR images into

_ ___ their appropriate four classes: open water, first-year
ice, multiyear ice and Odden was analyzed. Since the
results of an initial distributional fitting analysis

Figure 1. Viewing Geometry for STAR-i and -2 [Ref. 2] indicated that two parameter functions did a
in Wide Swath Mode good job of fitting the data, segmenting the data with
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pairs of statistics was tried. The two best pairs are then on Figure 4. Again, almost linearly along the
shown in Figures 4 and 5. Figure 4 shows mean versus curve, we have open water, first-year ice, Odden ice
standard deviation (all of these statistics are and multiyear ice.
intensity values). Note that although Odden ice and In conclusion, it appears that mean versus variance
multiyear ice are very mixed, the other two classes can segment out open water and first-year ice, then
segment out rather nicely; almost linearly along the skewness versus modified skewness can segment out
curve we have open water, then first-year Ice, then Odden ice and multiyear ice. In general, first-order
the combination of multiyear ice and Odden ice. statistics appear to do a good job.

Currently under progress Is an attempt to optimize
the combination of first order statistics for

segmentation. Eigenvector analysis is being performed
on the covarlance matrices for each ice class to
determine which linear combination of parameters
generates the most variation within the class and the
e least variation within the class. In addition, the

C. same analysis is being performed on the entire set of
2 SAR images. Optimal open water (for example)
.2 classification can then be performed by finding thea % " ,,linear combination that minimizes the variation within

the class but maximizes the variation between classes.

'a
L: 4. DISTRIBUTION FUNCTION ANALYSIS

V) C a First Year Ice An attempt has been made to generate a model for
* *=Muli-Year Ice the distribution function of the SAR ice data that

0=Open Waler would fit all of the MIZEX '87 images. If this is
Oden Ice possible, then the parameters of the distribution

function would suffice to characterize the image, and
_ _ we could segment the images based on their parameters

I I.0 alone. Unfortunately, we have found no model that50.0 475.0 900.0 1325.0 1750.0

Mean (inlensity) passes the statistical tests for all of the images;
this search is still in progress. We have tested a

Figure 4. Segmentation Using Modified Skewness and number of simple analytical forms but the results
Skewness indicate that the actual distribution function is more

complicated than this. Currently, work is being
performed on a model that deals more with the physical
scattering phenomena (Ref. 51 and the results look
encouraging. Unfortunately, with complexity comes
computational cost so no definite results for the ice
data are available yet.

For the analytical forms, we tested uniform, gamma,
inverse gaussian, gaussian, lognormal and modified

% a beta. Figure 6 shows the Kolmogorov statistic (a
statistical measure of how different the analytical

S* distribution function is from the actual SAR image
e distribution function) for the ice data set for all

rX r the types. Lognormal, inverse gaussian and modifiedV 0 a a = First eor ice beta all produce similar results with a preference to
, =Multi Yenr ice the modified beta. It should be noted that the

Srr= Open Water modified beta is the only model that allows the
^- OdenIce distribution function to be fit to higher order

moments (i.e., width and skewness) while the other
models fit only the mean and variance. This appears
to support the results in section 3 where these higher
order moments are necessary to separate Odden ice from

o00 ,o 2o o o 0 multiyear ice, and in addition did a fair job of
Modified Skewness segmenting the other types.Although these three models do a good job of

Figure 5. Standard Deviation vs Mean Segmentation fitting to the data, they do not pass the statistical
of Intensity Ice Data tests (i.e. it can not be said with statistical

certainty that they are a good fit, we can only say
that the fit looks good to the eye). Figure 7 shows

The Odden is representative of new first-year t e the same Kolmogorov statistic but subtracted by the
that has undergone extensive deformation due to wave threshold that it has to be less than in order to pass
action. The nilas ice that transitions into pancake the test. Thus values less than zero on Figure 7 mean
floes have very rough edges (see Figures 2 and 4 in it passed and values greater than zero indicate
ref (1]). These rough edges reflect radar energy and failure. Note the very large amount of failures;
as such the scattering coefficient for pancake Ice is although there are a few passes. In addition, it
large (Ref. 2]. Thus, it is not surprising that appears that the modified beta advantage goes away for
multiyear and Odden ice types overlap on the mean this plot: a result that is not explainable at the
versus standard deviation curve. present time.

Figure 5 shows skewness versus modified skewness.
Note that this also does a nice job of segmenting, It is interesting to note how the amount of passes
although the distinction of first-year ice from Odden and failures change with ice type. Figure 8-11 shows
ice is somewhat less sharp then on Figure 4. However, the same numbers as Figure 7, but separated according
multiyear ice and Odden ice are much better separated to Ice type. Note that open water fails miserably; an
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interesting result which indicates that the scattering Dis Type

going on is not simple. First-year ice and multiyear
ice do about the same; much more successful (for the a Gamma

three candidate models) then open water. This seems " Inverse Gauss

to indicate that scattering from these types is more a Lognormal

"traditional*. Finally, Odden does the best of all; * a 0 Gaussian

the points are very clustered at zero. Perhaps this a Uniform

is the most "traditional"? Also note that the most Mod8'lfn
successes appears to be for multiyear Ice with first- noZero Ditference

year ice next. ,.. ,

C3o
000

Disf Type O-O 0

o = Gamma

0 = Inverse Gauss 0 co 0

0 = Lognorml
- a

o.6 = Gaussian 
I

=,nf 0 6 a = Uniform

. .. Mod Bela -0., 0 . 0 0..3 04
0- Kol Slt Value - 95 % Threshold
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All of the above distribution models had their .= . . .

parameters generated from the data statistics. We
also investigated generating optimal parameters by
iteratively finding the ones that minimized a mean I
square error metric between the model and the data.

Figure 12 shows the result for optimizing the
parameters of a gamma model, then generating a cluster
plot of the equivalent mean and standard deviations a o
from these optimal parameters. Comparing to Figure 4,
we get much better segmentation this way then simply o . ......
taking the data statistics: although Odden and -0.1 00 o as a,

multiyear are still mixed. We are currently trying Kol Slat Value - 95 % Threshold
this for other models, specifically the modified beta I
and the more complicated model mentioned above. Figure 10. Ice Measurements Kolmogorov Statistics

(Multiyear Ice) U



ist Type 5. SEGMENTATION USING TEXTURE MEASURES

a Gamma Segmentation of the four ice types was also
aevaluated using textural methods. We used the most

o Inverse Gauss favorite texture measure among image processors; the
0t ognormal general co-occurency matrix (GCM). In general, the
0 Gaussian GCM measure the spatial correlation structure of the
* Uniform data and generates estimates of the direction of

Mad Beta correlation, the strength of correlation, etc. We
Zero Difference again generated cluster plots of pairs of various

SO done 0 • measures; the best pair is shown in Figure 13. The
aresults appear very similar to the mean and standard

o deviation plots; open water and first-year are wellI= segmented from the rest, but Odden and multiyear are
mixed. We are currently applying the eigenvector
analysis to this data also to generate optimal
combinations; however we do not anticipate any better
results than the first order statistics have given.
6. SUMMARY'0 The MIZEX '87 X-band SAR data was divided into four

0.1 0 0,1 .2 0 3 4 sea ice classes (open water, first-year, multiyear,

I KotStat Value - 95 % Threshold and Odden) to evaluate first-order statistics, higher
order statistics (texture), and distribution analysis

Figure 11. Ice Measurements Kolmogorov Statistics to segment the SAR image into the required classes.
(Odden Ice) The first order statistical analysis (i.e., statistics

o based on individual pixel values, not statistical
correlations) indicated that mean versus variance can
segment out open water and first-year ice, and
skewness versus modiffed skewness can segment out
Odden and multiyear ice. The use of texture

o techniques, in this case the use of the general co-
a eoccurency matrix, did not yield results superior to

z o the first older statistical analysis. In general, the
a 2 first older statistics appear to do a good job and

S ,considering computation efficiency is the recommended
a =First rear Ice algorithm approach for the Alaska geophysical

* = Mufti-Year Ice processor.
OOpen Woler The search for a distribution function of the SARa a Odn Iceice data that willl fit the majority of MIZEX '87

a imagery is continuing. The distribution analysis
suggests the data are best fitted by gamma and
lognormal (and sometimes inverse Gaussian)
distributions.
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AB3STRACT floes. Simail I in" piece', hetweenl I Ire's, alnn tile r iuiucs

or blocks s trewir ar ourid In o( rims, arnd tit(' moder-ate ly
Radar backscatter studies of Arctic sea ice have deformed floe interiors produce significant:

irnid ot oer anumer f yars ow iththebackscatter. In regions of constant shear, such as
tee caquirter hysica beroear nomatn between shorefast and pack ice, processes are very

te o by quthe exa iaon o et m icrowave inue dynamic and result in topographically rough, spatially
Tile breadth of these studies continues to expand. As vaibe anvrytckfmtos. Bcctcri

al xaiple, measurements are now conducted at strong and variable regardless of original ice type.
ir~jecics from 500 MHz to about 100 C.Hz. Dire of tire The region which is spatially tire most sigrificart is

scientific goals of this work has been to develop air the pack ice portion of tire Arctic Ocean. He're floes
imuproved understanding of the scattering processes at are frozen into fields wich float as sheets with
1)lY. A ocneulyipratgalhas been to sizes often many ten's of kilometers. Ridge building
.11110 11 1 .... leordge qalle Iportamnt, goal e due to pressure is tire major deformin event.
backs catter response of ice and snow made in IN4-SITU 'WATI lfiNll irii IllOCPAI1cojune tori wi th detai led scene character izat ions, thre
irs ighit ga ined through theoretical mrodelin rg and ia
Parameutric study, and tire data entered into tire rada By 1976 thre need to coordinate detailed icirowave
iq Iratirre library to develop procedures to convert and surface measurements was well recognized. Ini
1icru-.avr signal iformation, available in tire very addition, because existing setisor pararreters varied
near future, into valuable data products, ultimately arid future sensors were still undefinied it was
providirng tire opportunity for us to better understanrd iportant to acquire data over a wide rairle of

otr niiunrrrent. The purpose of tins paper is to frequencies, polarizations, arid Incidence angles. It
rlode dscussion of what has beer. learned through is interest ing to note that the first iieasurerrerits

the il~oy ffots ssoiatd wth he earsuracewere made at 1.5 Giz arid murltiple frequencies betn."'en
catterii'nter measurement programs and how the 8 arid 18 GHz (1]. Today they are made fromi 0.5 to 100
krrolp~q' gained is assisting in tire development of Ghlz (i.e. CEAREX) . lire sea ice measironit pvcoqram
flitilres ice type satellite algorithms, began at tire University of Kansas by Richard K. Iloore

and tire autiror with a tripod-type structure (1976)
whrose characteristic was to provide a constant range.
It his been extended to operation fromn helicopter,

INTRODUCTION sur face siip, sled, arid grit ry (1 ahirratory I in iIi ty).
Mrcrowave scente clraract.'rr zat ion e~lrerrim-nrrs hegjin iii
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IT11v4 .cgories have been defined by tire World programs were then condticted 00ti P. Painsicier (t.ES

fintrinrlical Organization arid are related to Canada) with whomr measurenirt of luhisical-chiemical
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measurements which began at Mould Bay In 1982 have year ice. Spatial scanning a surface-based
continued with CEAREX and CRRELEX being examples of scatterometer operating at 5 GHz produced the radar
the most recent investigations. Basic information maps provided in Figure I and 2. Range is inversely
about these measurements programs is provided in Table proportional to the (intermediate) frequency shown.
1. It is important to note that as of this year The key features are that (a) the returns for first
significant studies have been conducted during all year ice backscatter are confined to its surface and
seasons, except perhaps the very end of summer when few emanate from within the ice sheet, (b) returns are
the ice drains, remains drained, and then begins to strong in the region where the low density ice layer
freeze. All major ice types have now been observed, is present and are produced below the snow-ice I
Possibly the greatest weakness in the existing interface, and (c) the returns in the meltpool region
observations is that of region. Stufles have been of the multiyear ice sheet where the 3-m thick ice
made in the Chuckchi, Beaufort, Greenland, and Barents sheet is topped by 40 cm of fresh ice the returns are
Seas, with almost no study of the Central Arctic. weak even though the ice contained larger gas bubbles

(3 to 4 mm diameters) but in numbers not large enough
OBSERVATIONS to create a significant backscatter. In Figure 2 Is a

24m x 20 m ground map of backscatter intensities
In examining under what conditions Ice types may acquired for these same multlyear ice features. These

be discriminated using radar it was determined that it data show that the returns are 20 dB lower in the I
was important to (a) have data acquired over a wide region of the meltpool. What is demonstrated here is
range of conditions where both the microwave and the important of the low density ice layer in
physical-electrical properties are well-characterized, producing the enhanced return observed from multiyear
(b) be able to interpret the empirical observations ice. In addition, it not enough that discontinuities
with supporting electromagnetic scattering theory and are present, they have to be present in sufficient
model predictions, and (c) to study the variation in numbers, hence, upper ice sheet density is a critical
sea ice physical-electrical properties. Early on it factor.
was hypothesized that first year ice backscatter is Based upon measured data, physical properties, and
dominated by surface scattering and multiyear ice by a theoretical foundation, predictions based on
volume scatter. The critical issues have been in electromagnetic modeling were made. The role of
documenting under what conditions this is true, at volume and surface scattering were examined in the
what frequencies and polarizations, can this context of multiyear and first year ice.
difference be exploited, what are the optimum radar Characterizations were made in terms of the low
parameters for ice type discrimination, and given a density ice layer (i.e. thickness, air bubble size, I
radar parameter set what is the anticipated density, and complex dielectric constant) of the
performance t multiyear ice and the surface of the first year ice

The parameters and conditions which have a (rms height, correlation length, and dielectric
critical influence on backscatter intensity and are constant). In addition, the importance of the surface
typical are listed in Table 2 as a function of major roughness of multiyear ice was examined as illustrated m
ice type. The attempt here is to list these in Figure 3. Multiyear ice with a rough surface
parameters in their relative order of importance. produces an enhanced backscatter at the low
When optimizing for ice type discrimination, the keys frequencies, but a slightly reduced volume scatter at
to information exploitation are (a) multiyear ice high frequencies. This figure shows the range of
produces a strong volume scatter due to the presence surface scatter which may be occur for reasonable
of a low density ice layer in the upper portion of the surface roughness values.
ice sheet (a minimum thickness of about 2 cm is One of the key studies made during CEAREX by
required), (b) first year ice returns are dominated Onstott was of the variation in the thickness, density
by surface scatter and variations in surface roughness and air bubble composition of the multiyear low I
scales produce large changes in backscatter levels, density ice layer. Based upon these in-situ

and (c) new ice returns are weak (off-vertical) observations predictions of backscatter levels as a
because surfaces are very smooth, function of density and layer thickness have been made

For multiyear ice during winter, volume scatter for intercomparison with measured data. As is I
dominates at frequencies beyond 10 GHz where as at supported by the model predictions shown in Figure 4,
some frequency below about 5 GHz surface scattering backscatter intensity should be very sensitive to
begins to dominate. For first year ice surface layer thickness for surfaces that are not rough. This
scattering dominates below 15 GHz. Snow has little response is observed in the CEAREX data. Layer
impact on multiyear ice backscatter but enhances first thicknesses range from 0 to 15 cm and air bubble sizes
year and new ice backscatter [2). of about 1.5 mm is typical.

The evolution of the microwave signatures during Significant variations in the backscatter of both
summer is quite complex. The reader is referred to multiyear and first year ice can occur due to
the discussion provided in the paper by Onstott et al variations in surface roughness and properties of the m
[3]. During the first part of summer t ,e wet snowpack low density ice layer of multiyear. The range of
and warm ice sheet produces no significant volume variations illustrated in Figure 5 are predicted
scatter. First-year and multiyear ice backscatter values based on meAsured physical properties values.
becomes difficult to distinguish. By midsummer, thin Observations shown in Figure 6 were made during
first year ice backscatter is enhanced due to an CRRELEX-89 [4] and serve to Illustrate the extreme
increased small scale surface roughness from a range of possible signatures, in this case, those of
superimposed ice layer which forms at the snow-ice thin first-year ice. Data have been acquired to
interface and a snow thickness reduced by melt. After address the important issue as to what is typical and
midsummer, the backscatter contrast between first year what Is the variation in the physical properties? I
and multiyear is improved because first year ice Fcr this discussion it is assumed that the number
roughness elements are smoothed by melt and multlyear of spatial samples included in an observation is large
ice continues to have a complex topography, enough that sampling is not the dominant issue and we

Data have been acquired to verify empirically the can examine floe-to-floe variability and differences
importance of volume scattering and the low density in mean cross-sections. In discriminating multiyear Uice layer to multiyear ice backscattering and of Ice from thinner ice the enhancement gained through
surface scattering as the dominant process for first volume scattering Is exploited. Air bubbles are I



typically about Imm to 2mm in diameter. Operation at REFERENCES
frequencies greater than about 4 GHz is necessary and
contrast is known to improve with frequency up to at 1) Onstott, R. G., R. K. Moore, and W. F. Weeks,
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it is important to penetrate the thin snow pack and
produce scatter from the rough snow-ice interface 3) Onstott, R. G., T. C. Crenfell, C. Matzler, C. A.
which allows the discrimination of thin and thick ice. Luther, and E. A. Svendsen, "Evolution of

Discrimination of second year from multiyear ice Microwave Sea Ice Signatures During Early Summer
depends on differences in backscatter intensity which and Midsummer in the Marginal Ice Zone," Journal
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To discriminate between first year and thin
Ice types it iq necessary to exploit the differences 5) Kim, Y. S., R. K. Moore, R. G. Onstott, and S.
between surfa( roughness and dielectric constant. Gogineni, "Towards Identification of Optimum RadareThere are two major dielectric constant regimes; one Parameters for Sea Ice Monitoring," Journal of
when the ice is very new and the other contains all Glaciology, Vol. 31, No. 109, 1985.
remaining cases. The case In which a slush layer is
present on thin-to-thick ice probably falls into the
second category due to the presence of snow and its
expected effect. Observations during CEAREX suggest
that a slush and snow layer composite tends to reduce
backscatter intensities. New Ice can be discriminated TABLE 1. NEAR-SURFACE SCATTEROMETERolder first year ice because of its very smooth INVESTIGATIONS
surface. As first year ice ages the key consideration
Is a canopy composed potentially of frost flower
remnants, snow, and metamorphosed snow. As the canopy v ' L.. ' ...becomes thicker, ice crystals enlarge, and the ice
surface roughens backscatter will be enhanced. .', ,.,,.,..-
Analysis of CEAREX data will provide the additional
information needed to determine if medium and thick , C I k,", -. (.. , F '.. X

first-year ice are discriminable. C .......
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POLARIMETRIC RADAR MEASUREMENTS OF ARTIFICIAL SEA ICEI
Robert G. Onstott and Scott H. Gaboury
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ABSTRACT Observations were made of the growth cycle of sea
During the winters of 1988 and 1989, fully ice over two 2-month periods during the winters of

polarimetric microwave measurements were made of 1988 and 1989. Maximum ice thickness was 20 cm. The
artificial sea ice at frequencies of 1.8, 5, 10, and standard array of physical property observations
35 GHz and incidence angles ranging from 0 to 60. (i.e. fabric analysis, salinity, density, and
A 5 m x 15 m outdoor tank was filled with sea water temperature) were assembled and supplemented by
and the time evolution of the growth cycle of sea ice location, description, and statistical analysis of
was observed over two 2-month periods. During this internal inhomogenelties and surface roughness
nvestigation, continuous detailed scene statistics. These observations are being performed

characterizations and passive microwave observations to document and study their influence on backscatter
were made so that an integrated comparison of and emission. These data or derivatives provide the
backscatter and emission could be supported with critical inputs for the validation and further
theoretical predictions. Details of this development of electromagnetic scattering and
investigation and preliminary results are presented emission models. The roughness of the ice surface is
herein, known to be important in determining the general

backscatter level for first-year ice. Experiments
were performed to study the change in backscatter and

INTRODUCTION polarization signatures with various roughness
The microwave properties of sea ice grown at the scales. Effects of freeze and thaw conditions were

U.S. Army Cold Regions Research and Engineering also examined.
Laboratory (CRREL) were investigated during the 1988

and 1989 winter seasons. The sea ice facility is During this investigation, fully polarimetric
comprised of a 5 x 15 meter outdoor tank of a 1.2 measurements were made to acquire the complex
meter depth filled with sea water, a tent to protect scattering coefficients at VV, VH, HV, and HH
the Ice sheet from snow and rain, a gantry style polarizations (i.e. VH indicates vertical transmit
Instrument mounting structure, and heated working and horizontal receive). The data are recorded such
environments In the immediate vicinity of the tank that the scattered field is completely described.
(See Figure 1). The tank size, determined by This radar has been briefly described in a paper by
instrument and experiment needs, allows for the Onstott [1]. Measurements were also made to
acquisition of independent spatial samples and qualitatively determine the dominant scattering
measurements at angles from vertical to 60 degrees. mechanisms by recording unprocessed backscatter
These efforts, part of a new three year laboratory- returns. In addition, millimeter wave data were
based investigation which began in 1988, are focused collected during the 1988 investigation at 18, 35,
on understanding the microwave signatures of sea ice. and 94 GHz using a noncoherent radar. Scatterometer
This is being accomplished by detailed studies of the parameters used during Cold Regions Research and
various aspects of the backscatter and emission and Engineering Lab Experiment (CRRELEX) are Included in
through the intercomparison of measured data and Table 1.
theoretical predictions. Strengths of the CRREL Ice Active and passive microwave measurements were
Tank Facility are the ability to control the temporally multiplexed so that an integrated study ofchemistry of the tce sheet, to control to a backscatter, emission, physical properties, and
reasonable degree the ice crystal structure of the electromagnetic modeling of sea ice could be pursued
ice, and to provide an environment which allows the rigorously. An overall goal of this program is to
time required to rigorously measure the physical and advance the state of understanding of the microwave
microwave properties of ice which closely simulates properties of sea it e so that future satellite data
that found in the Arctic. The time factor is may be fully utilized by the scientific community.
particulary Important because of the scientific Fundamental questions which are of particular
nterest in fully characterizing the microwave interest in sea ice science are; how do theproperties and scene. The number of frequencies, contributions of surface and volume scattering change
incidence angles, polarizations, spatial samples, and as ice ages, what information is contained in the co-
emporal samples are extensive. In addition, active pol phase ifference, what is the correlation between
and passive observations are not made simultaneously HH and V scatt onrng coefficients, do important
to prevent any potential corruption of the complete geometric orientations exist in the ice sheet, and is
accuracy of the data. scattering sensitive to them, and what are the
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i;iternal anisotropic physical-electrical properties? During 1989, two ice sheets were observed with
one observed continuously over a 6-week period.

OBSERVATIONS Thickness ranged from 0 to 20 cm. Measurements were
multiplexed (i.e. half-hour sampling periods) during 1

During 1988, multiple ice sheets were grown which the rapid growth phase to allow both active and
were observed over a 2 month period. Observations passive microwave signatures to be characterized. To
were made of open water, 5 mm thick new ice, 8 cm simulate multiyear ice, an Ice sheet was grown to 20
thick grey ice, 12 cm thick grey ice which had a cm, harvested, and then placed on pallets prior to
rough, air-ice interface (rms roughness of about I the beginning of the previously iterated measurement
cm), 12 cm thick grey ice with a liquid film water on series. Over a period of several weeks the brine

its surface, and 20 cm thick ice which had undergone trapped within the ice sheet drained and the porosity
desalination and showed some of the characteristics of the ice increased because of the many freeze-thaw
associated with multiyear (See Table 2). Description periods. Desalination and a reduced density are two I
of the rms roughness and spatial correlation length important characteristics which determine the
statistics are provided in Table 3. Microwave microwave signatures of multlyear ice. Observations
observations of the angular responses of the new and of an ice sheet composed of one and two layers of
grey ice at C-band, provided in Figure 2, indicate this desalinated ice were made. These data were
that the fundamental property change during the undergoing signal processing at the time of writing
growth period of new to grey Ice is in the reduction this paper. Scenes observed during 1989 are
of the complex dielectric constant. The surface partially listed in Table 4.
roughness statistics for both of these scenes were
identical to those of a very smooth surface (i.e., an CONCLUSIONS
rms height variation of 0.05 cm and a correlation I
length of 0.7 cm). It was observed by Onstott [2] in Absolute backscatter levels for new to grey ice

1985 that effects due to blowing snow and the erosion are small, except for the (large) coherent returns at
of the upper ice surface, attributed to evaporation, vertical. The backscatter responses of new, grey,
did roughen the ice surface of grey ice as it aged. rough grey, and desalinated first-year ice at linear I
When air temperatures are cold (T < -204C), typical polarization were found to be dissimilar. This was
of the major sea ice growth periods in the Arctic, further demonstrated by examining their polarization
the formation of frost flowers rapidly changes the signatures. At C-band the critical difference
very-smooth, low-dielectric slabs of grey ice to between new and grey ice signatures lies in the order
highly scattering slabs who have an overlay composed of magnitude difference in their dielectric
of high-dielectric needles. Observations made during constants. Surface roughness observations and

1988 show that during the transition from new to grey microwave signature angular variation suggest
Ice the dielectric constant changes by an order of identical roughness statistics for these two ice
magnitude (ie. from an cr- of 38 to 4) resulting in a types. This will be confirmed by examining the 1989 I
6.7 d9 offset between the signatures shown In Figure data.
2. These results also show that for these two Ice
types the backscatter response at VV and HH
polarizations are similar at angles from vertical to
40 degrees, with the possibility of a few dB of
spreading at the larger angles. Nearly identical REFERENCES

returns at VH and HV suggests reciprocity, i.e., that
VH = HV. Angular response decays rapidly (i.e., at 5
GHz It is a minimum of 5 dB per 10) and the large 1) Onstott, R.G. and S.H. Gaboury, "A Polarimetric

separation between like and cross polarized returns, Microwave Scatterometer," IGARSS '88 Proc., Vol I
from nadir to 20 degrees (i.e., at 5 GHz It is a 1, p. 571, Edinburgh, Scotland, Sept. 1988.
minimum of 20 dB for the range of angles between 00
and 20), is characteristic of scatter from a 2) Xue, D., R. K. Moore, T. H. Lee and R. G.
dielectric with a smooth surface but with sufficient Onstott, "Microwave Backscatter Coefficients of
penetration and size and number of inhomogeneities to Artificially Grown First-Year Sea Ice," IGARSS
produce the small volume return necessary to generate '86 Proc., Vol 1, pp. 139-146, Sept. 1986.
the very weak cross-polarized value. Study of the G
measurement system response, the inhomogeneities in 3) Deschamps, G.A., "Part IT - Geometrical

the upper most portion of the ice sheet, and representation of the polarization of a plane
theoretical model predictions will be used to wave," Proc. IRE, vol. 39, pp. 540-544, May 1951.
validate this hypothesis.

The change in backscatter levels for arbitrary 3
co-polarizations may be derived from the target
scattering matrix (3]. The illustrations provided in
Figure 3 of new, grey, rough grey, and desalinated
first-year ice at 5.0 GHz and 40 degrees are shown
for visualizing the polarization properties of ice as
it evolves. It was anticipated that based on the

backscatter responses at the linear polarizations
that the polarization signatures would further
illustrate the differences in the processes which are ACKNOWLEDGEMENTS I
responsible for scattering at each of these ice
scenes. It is expected that the differences in the This work was supported under the Office of Naval
size of the pedestal on which the signatures rise, Research (ONR) and the National Aeronautics and Space
the width of the peaks and nulls, and the difference Administration (NASA) Contracts N00014-86-C-0469. The
in the magnitudes between peaks and nulls are a few technical monitor for this work was Mr. C.A. Luther
of the properties which may be exploited through (ONR) and Dr. R.H. Thomas (NASA).

polarimetric measurement. I



ITABLE 1. SCATTEROMETER PARAMETERS USED TABLE 2. OBSERVED SCENES DURING 1988

DU RI G C R ELEXOpen 
W ater (9 . 45 to 55 Degrees)I Polarimetric:

Freq . 1.75. 10 and 35 GHz New Ice (A z Z5 mm)

Polarization . Quad Grey Ice (A z M12cm)IAngles . Vertical to 60 Degrees Rough Grey Ice (A5 z Z12 cm) With I cm Roughness Elements

Height . 3 m Rough Grey Ice (a z 12 cm) With 2 cm Roughness Elements3Sampling . Point & Power spectrums Wam Grey Ice (a z 12 cm)

Desalinated Grey Ice (A z a20 cm)
Non-Coherent:

Freq. . 10. 18.35. and 94 GHz

Polarization = Quad (10 GHz) and Dual
(18,.35 and 94 GHz)

Angles . 151to60 Degrees

Height . 3 m

Sampling . Point and Transact TABLE 4. OBSERVED SCENES DURING 1989

TABLE 3. CRRELEX '88 SURFACE ROUGHNESS RESULTS Open Water

New Ice (Az =0 to 5cm)

MI Am Cm Grey Ice (A z. 5 to 20 cm)

14 1 635 6 008 04 1 s To SdweGrey ice With a Thin Slush Layer

t 4b k. G3S 65 0048 0821 1 24 ~ uamGrey Ice With i cm Wet Snow

IAl. 1 3 13 00it1GS 1c~ 3 20 Groy Ice With a Molt Rlouglionod Surface

5101 99 a 05441 1,4811 4 21056 R0WGreyIce With4 cm Moist Snow

5.:53 .33 Us. 5fj Ice7 22Lyes Desalinated Ice (a z = 20 cm)

Desalinated Ice (a z = 40 cm)

IV

MIWI

I Figure 1. Photograph Showing CRRELEX Ice Tank Facility and Microwave Scalteromelers
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Figure 2. Radar Scattering Coefficients at 5.25 GHz for 5 mm Thick
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Figure 3. Co-Polarization Signatures of (a) New. (b) Grey.
(c) Rough Grey, and (d) Desalinated Grey Sea Ice
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SCATTEROMETER MEASUREMENTS OF WIND, WAVES,I AND OCEAN FRONTS DURING NORCSEX

Robert G. Onstott and Robert A. Shuchman
Radar Science Laboratory

Advanced Concepts Division
Environmental Research Institute of Michigan

Ann Arbor, MI 48107 USA
K. Davidson

J.A. Johannessen and 0. Skagseth Department of Meteorology
Nansen Remote Sensing Center Naval Postgraduate SchoolBergen, Norway Monterey, CA 93940 USA

ABSTRACT SAR is then presented. Exponents relating the

scattering coefficients (uo) to wind speed are then
During March 1988, active microwave radar calculated for the L-, C-, and X-band coincidentally

coefficient measurements were made from a ocean going collected radar data.
research platform during a wind-wave-current field
experiment on the Norwegian Continental Shelf 2. DATA SETS
(NORCSEX). Radar backscatter data were collected at The location of the March '88 NORCSEX investigation
1.5, 5.25, and 9.38 GHz for Incidence angles 20" to is shown in Figure 1. The remote sensing,
80" and with both like and cross polarizations. One meteorological and oceanographic data collected during
of the primary objectives of this study was to NORCSEX Is summarized in Table 1. The remote sensing
investigate the ability of SA,4 to Image ocean surface data included the ship scatterometer, the C- and X-
features caused by current fronts and eddies in the band SAR, the NOAA satellite Advance Very High
moderate circulation regime off the Norwegian coast. Resolution Radiometer (AVHRR) imagery, the GEOSAT
In addition to supporting the SAR imaging aspects of satellite altimeter, and DMSP satellite Special
the study, data were acquired for use in the study of Scanning Microwave Imager (SSM/I).
the backscatter response of a wind driven sea. ," ,," ,,, .. ,,,..
Detailed sea truth and meteorological characteri-
zations acquired spatially and temporally coincident
with the scattering measurements, and SAR Imagery 70'

allows the examination of the influence of wind speed,
wind direction, and sea state on radar cross section. .,

1. INTRODUCTION
In preparation for the 1990 launch of the first

European Space Agency (ESA) Earth Resource Satellite
(ERS-1) which will include a C-band synthetic aperture
radar (SAR), a two week wind-wave-currentoceanographic field investigation was conducted during -

March 1988 along the Norwegian Continental Shelf known 65
as the Haltenbanken. A primary objective of this
Norwegian Continental Shelf Experiment (NORCSEX) was
to investigate the capability of SAR to image ocean
surface features associated with current fronts and sNthLuy ,
eddies in the moderate current regime off the
Norwegian coast. Secondary objectives of the study
were to assess the potential of a C-band SAR to A
measure ocean surface wind and waves. --

In support of the SAR imaging aspects of the
study, data were acquired to study the microwave
backscatter response of a wind driven sea. A three-
frequency four-channel scatterometer operated from the
research vessel HAKON MOSBY collected microwave data
at frequencies centered at 1.5, 5.25, and 9.38 GHz
(L-, C-, and X-band, respectively), with incidence
angles from 20" to 80', and at like and cross linear
polarizations. The scatterometer collects microwave
data in a real-aperture mode, and thus is not

dependent on platform motion (i.e., Doppler effects) itScotlrndas in the case of the SAR.daacletd1 'v ' '

In this paper the L-, C-, and X-band scatterometer
data collected during NORCSEX Is first described. T1

Data collected over a meteorological and oceanographic Figure 1. Location of the Norwegian Continental
front that was imaged coincidentally with the C-band Shelf Experiment Study Area
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Table 1. OVERVIEW HALTENBANKEN EXPERIMENT 1988
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The meteorological measurements and data
assimilation were conducted during the entire NORCSEX
field investigation period. Time series of surface
layer meteorological data from ship mounted sensors U
and profilers of temperature, humidity and vector wind
from rawinsondes were obtained. Surface layer wind
fluxes (i.e, dragg coefficients) were obtained from
ship mounted hot-film and the use of miniature cups.

The oceanographic sea truth was obtained by the use . ... ..
of a ship mounted thermistor (sea surface
temperature), a towed undulating SeaSoar (salinity and
temperature from the surface to 250 m), and the ship
mounted 150 KHz Acoustic Doppler Current Profiler
(ADCP). The ADCP provides a measure of absolute
current every 5 m from the surface to near the ocean
bottom.

3. SCATTEROMETER OBSERVATIONS
During this investigation the L-, C-, and X-band

radar scatterometer was mounted on the starboard side
of the wheelhouse of the R/V HAKON MOSBY (Figure 2). I
Detailed scatterometer system specifications have been
included in Table 2. It was positioned as far forward
on the ship as possible and pointed slightly forward
of where the ship generated bow waves are produced. Figure 2. Three - Frequency. Four - Channel Scatterometer
Thus, the effects of the bow generated waves were Operated at 1.5. 5.25, and 9.38 GHz, at Angle From
minimized. Bow waves which interacted with the 20° to 80° , and Like and Cross Linear Polarization

ambient ocean wave field did however, break near the
ship creating minimum observation angles of incidence
which were sea state dependent. Calm conditions
allowed observations at incident angles as small as 20
degrees, where as, in the extreme wave cases minimum Table 2. SCATTEROMETER SYSTEM PARAMETERS

angles were between 40 and 50 degrees. Ship roll and
pitch motions were recorded as part of the data stream
and when they were great enough to cause the Parameter L-Band C-Band X-Band
backscatter returns to fall outside of the radar
intermediate frequency processing filter, these data
were noted and not included in the averaging process. 50 525 6 •
To date, 2 and 10 minute averages have been processed. welewomhen) 20.0 5.7 32 m
As the ship transited through the oceanographic W.(W~.14H.
features and wind fields, four channels of backscatter
data and a visual time-encoded video record were
acqui red. 10" to

Radar observations at L-VV, C-HH, X-VV and X-VH or SWO )a 21 07 07

L-HH, C-VV, X-VV and X-VH were made as the ship
transited through ocean fronts and internal waves. 350 525

The first letter refers to the radar frequency used Vd,"
while the VV, HH, and VH denotes the transmit and 6.MM0 2 6 9

receive polarizations. For example, VH indicates a P Wf 08) 40 111 o30 126 I

cross polarization measurements where vertical Ah.6,Iq tic 110 1,o

polarization was transmitted and horizontal received. 4

The range of meteorological and oceanographic
conditions that occurred during the period of La l MOA01%

scatterometer observations 5 to 18 March are
summarized In Table 3. .A ,W W, S uWW I
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Table 3. Range of Meteorologic and Oceanographic An interesting data collection took place on

Conditions During Scattrometer Observation 17 March in which fluctuations In wind speed of 2 to
Period S to 18 March 13 m/s were experienced during a ten hour period as

the ship transited an oceanographic/meteorological

wbSp".d(m) O..aW2 hm%.MV 30.a front. Sea temperatures ranged from 5" to 86C while
1.sPWpuM1Sm" *scm.rc the air temperature was 39C. The air-sea temperature

difference (T - Tair - Ta) ranged from -2C to -5C
producing unstable conditions since T < -2 C. A

Wardw.Vi(H3 Ito0M-2.4 .In** gravity wave swell traveling in the same direction as
s..,ww.ag1. l5o 3Wm the wind with 2-4 m significant wave height was

present during the scatterometer observation. The

wind and wave direction with respect to the radar was
approximately 900 (i.e., upwind/downwind look

direction). In Figure 4a, the L-, C-, and X-band

An example of an ocean front observed on 13 March radar scattering coefficients measured during this ten

is shown in the photograph provided in Figure 3. The hour period are shown as a function of time. The wind

temperature gradient for this front was +2"C and was speed and direction measured coincidentally with the

created at the boundary between warm Atlantic Ocean scatterometer at a height of 15 m is shown in Figure

water (T-7C) and the colder Norwegian coastal water 4b. These figures visually shows the correlation
(T-5C). The photograph illustrates the importance of between wind speed and radar scattering cross section.

sea surface temperature on the small scale surface Features that are instructive include the general

roughness. Backscatter angular and polarization Increase in cross section as wind speed increases, the
response measurements were made on each side of this hysteresis associated with wave decay after a
ocean frontal feature. Quad-polarization measurements reduction in wind speed, and the change in the

(VV, VH, HV, AND HH) were made at L- and C-band and scattering coefficients of 10-13 dB for an increase in

dual-polarization measurements (VV and VH) at X-band. wind speed of 3 m/s to 13 m/s.
Seven leg star patterns were made to address wave and
wind aspect angle dependencies.

.L VV RSC-- '--- --- - .- -20 • wci c

I -~~30 xvrs

- 10 15 20

Figure 4a. Radar Scattering Coefficient at L-. C-, and X-band
Measured While Crossing an Ocean-Meteorological
Front on 17 March

01

Figure 3. Example of an Ocean Front which was Transited on

13 March. The Temperature Gradient was 2 *C. W.4 Spew

The Front was Created at the Boundary of Warm •
Atlantic Water (7 °C) and Colder Coastal Water ( 5 °C).

2

"0 _ _ _ _

5 10 Is20

I Figure 4b. Wind Speed Measured From Ship While Crossing
an Ocean-Meterorological Front on 17 March.

I
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It is also interesting to report that a response
identical to that of the C-band scatterometer was
observed by the SAR 5.6 GHz data. During this period
a rapid transition from a spatially large region of m
weak returns where winds were calm ((3m/s) to strong
radar returns where the winds greatly increased (>10
m/s) produced a 10 dB difference in backscatter
intensity for these two regions [reported by Shuchman .6
et al, 1989, these proceedings]. The ship transited IE
across this front about 30 minutes after the SAR and

noted this change in wind speed immediately prior to .0

crossing tht ocean front at 1I GMT. The wind friction r
velocity (U ) can be related to dragg coefficient (Cd) It,
and true wind speed (U) by the following expression

CI 2U (1)25

In this case U* changed from 0.1 to 0.5 m/s across I
this front illustrating the important difference in
sea surface roughness. L.wSC

The radar scattering coefficient o" has .30
historically been related to wind speed through a 2 m6 to

transfer function of the form

a- (U) - CU1  (2) Y. .3 "2U "'

where U is related to the surface wind vector, C the
scaling coefficient, and y the wind vector exponent. 4
In addition to the local wind vector, the radar
scattering coefficient can be additionally influenced
by a array of other environmental parameters which
include wave slope, sea surface temperature, air-sea I I
temperature difference, and surfactants [Donelan and
Pierson, 1987; Plant, 1986]. In Figure 5, the radar 2

scattering coefficients at 1-, C-, and X-bands are
shown as a function of equivalent 10 m (height above m
the ocean surface) winds. Forty ten-minute intervals
were used in producing these plots. All three
frequencies produce approximately the same scaling
coefficient, but yield different wind vector exponents
and correlation coefficients (i.e., they range from I
0.6 to 0.8). Exponents increased with increasing

frequency and ranged from 1.30 to 1.76. " mc

Keller et al [1989] reported data collected from a 2 ,0 ,2
tower situated in the North Sea for C-VV and an m
incident angle of 45' which showed a response very ,o
similar to the NORCSEX observations. The radar cross- =..4 M.,UR.080.

sections ranged in value from about -24 to -15 dB for
a change in wind speed of 2 to 10 m/s. For this same
change in wind speed, our scattering coefficients
ranged from about -26 to -17 dB. Recall the NORCSEX .,1

C-band measurements utilized HH polarization. This
change In polarization from vertical to horizontal Is
sufficient to account for the observed difference. I
The agreement in absolute level is reasonable and each
set of measurements produced a 9 d8 change in cross-5
section for this wind speed difference. The computed I
wind vector exponent for the results reported by j
Keller was 1.50. In our case, the exponent is 1.64.

4. SUMMARY IS

A wide range in meteorological and oceanographic
conditions with respect to winds, waves, temperatures
occurred during NORCSEX. Several distinct moderate to
high winds (greater than 10 m/s) events were .WFSc

encountered as well as low wind conditions (2-4 m/s).
Preliminary analysis indicates excellent correlation 

2 
I 2

between variation of observed wind conditions and drag
coefficients and variations of shipboard and aircraft 1.,

remote sensing data. Future efforts will be directed Figure 5
at examining the relationships between wind stress, Radar Scattering Coefficients Measured on 17 March at L-VV,
sea surface temperature, stability, sea and swell on and X-VV are Shown asa Function of Equivalent 10-m
remote wind vector determination. Winds.

WindsI
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orI blocks strewn Al oirI I oe t hits, atid tii', moderactely

Riadar backscatter studies of Arctic sea ice have defoiied floe interiors prvoiuce s igii I Iicaiit
bee carried out over a number of years now wi th the backscatter. lin regions of constanit shear, such As

inetto acquire physical property Information between shorefast anid paick ice, processes are very

though by the examination of microwave signatures. dyiiaiiiic and result ii toplographically tro1191, spat hal lv
The breadth of these studies continues to expand. As variable, aiid very thrict, foi nationis. Uacks catlter i-
a* exaple, measurements are now conducted at strong and variable regardless of originial ice type.
frquncies from 500 11IHz to about 100 Gliz. Oiie of the lire region which is spiatial ly the most sit iiificaiit is

Sscientific goals of this work has been to develop aii the pack Ice portion of the Arctic Occur, li(-e flIoes
improved understanding of the scattering processes at are frozen into fields which float as sheets with
play. A second, equally important, goal has been to sizes often miany tell's of kilometers. Rhidge building

3 apiply [lie knowledge gained )I exaiinrg [ilie due to pressure Is; the miajor (Iloiiiiit Ion event.
* bac kscattcr response of ice and snow made in I-IU'CHV11II ,WI"
* coiijiinctioni wi th detailed scene chraracteri zationis, theINS 15AIIPil 11i'rlf-i

ins ighit gained through theoretical model ing aridBy16treiedocoriiae ealdmirav
pairametric study, arid tire data entered into thle radar Bnd surfac e neueiderto woias e w el coiiid. iiwv
signatuire library todeorpation eu to coiivert andditirrac beaueeisingselo racgititer vait
m icrowave signal inomtoavailable ii tire very Ardid n fuuecueitn sensors weestatauie iidit~r wai

near future, into valuable data products, ultimatelyadftr esosvr tl udfndi a
p o te oportuity or s tobettr unerstnd iiiportanrt to acgui re data over a wide rarre of

9 ou evrorinent. The purpose of this paper is to fejrnis oaiainai icdrc ige. I
* pr-ovide a discussion of what has beern learned through is intecresting 1o note Ilial. [lie fir-st initasureireniS

tiemn*fot soite ihtena-ufc were made at 1.5 Gllz an(! iiiult iple ficqiieic ics betweein
sct ili Loeffrt massociante wigrm and the w tir-urae 8 arid 18 Glz [1]. loday they are miade Iio 0i [.5 to 100

knowledge gained is assisting iii the development of Gl ie ERX.Ii eiiepoti

1 fir tire sea ice type satellite algoritihts, began at tire University of riyisas by Ri chard K. Pool e
Iarid [lie author w itha Li.'I-t sddyper (17

It has been extended to openat lol fioiii hllicopter,

INTRODUCT ION surface ship, sled, arid qatry (la-hitatory I-i I ity)
Ii owave Scene chara'-CtI [i 7al[ i on nyper i inI s licijani ill

One( of the most imlportanit pieces of geophnys ical l aiili i v. tBro Al'oolr) t i v' with W.I ur

infiia i li tl imist be obta ined ficiour satellite (RZEadlnv fAaJa :t) itda wnofi

* o snvat onofthne f rozeni ocean is Ice type. A wiide saieii'pr i.'ilei'it- Itti ti~I'ii"it

3 array of categories have been defined by tire World programis wcre thecn coinduicted w- ith V. Pi'-uhier (P-Es
M -e teoro logical Orgainizat ion arid are related to Canada) withI whiomi inasirr-emiiiit of pjiical -clcietlcal
tliihiress -, age or formrati on chiaracteri st ic. naic propertIes would lie Ii lIy Iltird w it lii [ii pal of0

caI~rc icude new (0 to 10 cm thi ick ), yourrg ( 10 1 .eat ingr shed Ic tiirnitui.vl'It'liO-i .111l llrcs--;I')

to 30 cat tinick) , first year () 30 cii thi ick) , secoii(l fore ioe lci t ion i!iO .iliC sfti Iic sit is c

year ( sr~i ved one melIt season) arid imilil- 1o th caclto ofvvhear taiic iw

(silrvive-d in111rtiple mlt seatnirs) . I ie ai IIIy of height anl cnIrrelat ionn lelitilli) , of ilie 's I Iillfy a1wl
(] iii ni ice ty-pe tisi na spacr-hase:d sens.ors is dlsil o I les f miii1 f in loi1-1,tli vr'(ttIlit i'm 1 (rill

s,~ttvo o pat i a I resoI irt lo aind the Y eqIri iioiiler p'ac iiius lit [ile If,11 ;'0 l lo t it (,li ire s ''I to

(itieof floes of various ice types have diatreteis blil.ii'o tin hinie-sNl -,i err titiclih 'lI~ i l tt

w ich at i;aIll, ranging from 10 to 2011 iii, andI at SOC nin fir-st-year ice Inn. tiflintii -isL ft nar-

pon a,, rype rienced moderate dIn tal on ,. ice stir fi al scaI terronne t r ti w'I All) ail ji~ 51.1 itlt i r:1 ow-ve

ted to hr! [hick ei thier because ice mutii be thick to (aliiciall it itaper anti pn till le . iecsiiii't ioi

surviv e, iii [Iis dynrairic region, b cakise [thin ice iswi h Il ct 1l d p % if 11 I -, d d 1'n 1- r

rapidly crushed din ing tile constant coll isions witin railii (. All) ii,.ijti ill 'tii ~itt' ij- it miml

o th e r f l ee s , o r b e c a us e o f th e ra ft in g o f th in ic e C o rl d il t-itio n i o fi 5 1 it iii i a , k it ' 1 1 anti p i s siv " ' ti l i a ve
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measurements which began at Mould Bay In 1982 have year ice. Spatial scanning a surface-based
continued with CEAREX and CRRELEX being examples o, scatterometer operating at 5 Gliz produced the radar
the most recent Investigations. Basic information maps provided In Figure 1 and 2. Range is inversely
about these measurements programs is provided in Table proportional to the (intermediate) frequency shown.
1. It Is important to note that as of this year The key features are that (a) the returns for firstsignificant studies have been conducted during all year ice backscatter are confined to its surface and
seasons, except perhaps the very end of summer when few emanate from within the Ice sheet, (b) returns are
the ice drains, remains drained, and then begins to strong in the region where the low density ice layerfreeze. All major ice types have now been observed. Is present and are produced below the snoib-icePossibly the greatest weakness in the existing Interface, and (c) the returns in the meltpool region

observations is that of region. Studies have been of the multiyear Ice sheet where the 3-m thick Ice
made in the Chuckchi, Beaufort, Greenland, and Barents sheet is topped by 40 cm of fresh ice the returns are
Seas, with almost no study of the Central Arctic. weak even though the Ice contained larger gas bubbles

(3 to 4 mm diameters) but In nuwbers not large enough
OBSERVATIONIS to create a significant backscatter. In Figure 2 is a

24m x 20 m ground map of backscatter intensities
In examining under what conditions Ice types may acquired for these same multiyear ice features. Thesebe discriminated using radar it was determined that it data show that the returns are 20 dO lower In thewas important to (a) have data acquired over a wide region of the meltpool. What is demonstrated here is

range of conditions where both the microwave and the important of the low density Ice layer in
physical-electrical properties are well-characterized, producing the enhanced return observed from multiyear
(b) be able to Interpret the empirical observations ice. In addition, It not enough that discontiniities
with supporting electromagnetic scattering theory and are present, they have to be present In sufficientmodel predictions, and (c) to study the variation In numbers, hence, upper ice sheet density is a critical
sea ice physical-electrical properties. Early on it factor.
was hypothesized that first year ice backscatter is Based upon measured data, physical properties, anddominated by surface scattering and multiyear ice by a theoretical foundation, predictions based onvolume scatter. The critical issues have been in electromagnetic modeling were made. lhe role of
documenting under what conditions this is rue, at volume and surface scattering were examined in the
what frequencies and polarizations, can this context of multlyear and first year Ice.
difference be exploited, what are the optimum radar Characterizations were made In terms of the low
parameters for ice type discrimination, and given a density ice layer (i.e. thickness, air bubble size,
radar parameter set what Is the anticipated density, and complex dieictric constant) of the
performance. multiyear ice and the surface of the first year ice

The parameters and conditions which have a (rms height, correlation length, and dielectriccritical influence on backscatter intensity and are constant). In addition, the importance of the surfacetypical are listed in Table 2 as a function of major roughness of multiyear ice was examined as illustrated
ice type. The attempt here is to list these in Figure 3. Multiyear ice with a rough surface
parameters in their relative order of importance. produces an enhanced Lackscatter at tihe low
When optimizing for ice type discrimination, the keys frequencies, but a slightly reduced volume scatter at
to information exploitation are (a) multiyear ice high frequencies. This figure shows the range of
produces a strong volume scatter due to the presence surface scatter which may be occur for reasonable
of a low density Ice layer In the upper portion of the surface roughness values.
ice sheet (i minimum thickness of about 2 cm Is One of the key studies made during CEAREX by
required), (b) first year ice returns are dominated Onstott was of the variation in the thickness, density
by surface scatter and variations in surface roughness and air bubble composition of the multiyear low

scales produce large changes In backscatter levels, density ice layer. Based upon these In-situ
and (c) new ice returns are weak (off-vertical) observations predictions of backscatter levels as a
because surfares are very smooth, function of density and layer thickness have been made I

For multly, r ice during winter, volume scatter for intercomparison withi measured data. As is
dominates at frequencies beyond 10 GHz where as at supported by the model predictions slhown in Figure 4,
snme frequency below about 5 GHz surface scattering backscatter intensity should be very sensitive to
begins to dominate. For first year ice surface layer thickness for surfaces that are not rough. This
scattering dominates below 15 GHz. Snow has little response is observed in the CEAREX data. Layer
impe:t on multiyear ice backscatter but enhances first thicknesses range from 0 to 15 cm and air bubble sizes
year and new ice backscatter (2]. of about 1.5 mm is typical.

The evolution of the microwave signatures during Significant variations in the backscatter of both
summer is quite complex. The reader is referred to multiyear and first year ice can occur due to I
the discussion provided in the paper by Onstott et al variations in surface roughness and properties of the
[3]. During the first Virt of summer the wet snowpack low density ice layer of multiyear. The range of
and warm ice sheet produces no significant volume variations illustrated In Figure 5 are predicted
scatter. First-year and multiyear ice backscatter values based on measured physical properties values.
becomes difficult to distinguish. By midsummer, thin Observations shown in Figure 6 were made during
first year ice backscatter is enhanced due to an ZRRELEX-89 [4] and serve to illustrate the extreme
increased small scale surface roughness from a range of possible signatures, in this case, those of
superimposed ice layer which forms at the snow-ice thin first-year ice. Data have been acquired to
interface and a snow thickness reduced by melt. After address the important issue as to what is typical and I
midsummer, the backscatter contrast between first year what is the variation in the physical properties?
and multiyear is improved because first year ice For this discussion it is assumed that the number
roughness elements are smoothed by melt and multiyear of spatial samples included In an observation is large
ice continues to have a complex topography. enough that sampling is not the dominant Issue and we

Data have been acquired to verify empirically the can examine floe-to-floe variability and differences
importance of volume scattering and the low density in mean cross-sections. In discriminating multiyear
ice layer to multlyear Ice backscattering and of ice from thinner ice the enhancement gained through
surface scattering as the dominant process for first volume scattoring is exploited. Air bubbles are
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remaining cases. lhe case In which a slush layer is
present on thin-to-thick ice probably falls into tire
second category due to the presence of snow and its
expected effect. Observations during CEAREX suggest
that a slush and snow layer composite tends to reduce
backscatter intensities. New ice can be discriminated TABLE 1. NEAR-SUnFACE SCATTEFIOMETER
older first year ice because of its very smooth INVESTIGATIOIIS
surface. As first year ice ages tire key consideration
is a canopy composed potentially of frost flower
remrnlanlts, snow, and metamorphosed snow. As tire canopy x,.., Lr,:Io.::a. ,..Ii.' I. . I+. . ,., ... .

becomes thicker, ice crystals enlarge, and the Ice I r At IF x I PA

surface roughens backscatter will be enhanced.

Analysis of CEAREX data will provide the additional
information needed to determine if medium and thick i ,' c , .... ,, "' ..... .'0.. . ' ...
first-year ice are discriminable.
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MULTIFREQUENCY AND MULTIPOLARIZATION SCATTEROMETER

FOR REMOTE SENSING

Robert G. Onstott
Robert A. Shuchman

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan

ABSTRACT
A multifrequency, multipolarization helicopter-borne scatterometer has

been developed for the measurement of backscatter coefficients of Arctic

sea ice. The radar, designed to operate at low altitudes, allows Lgh-

quality scattering measurements from a mobile platform. The advantages of

the helicopter-borne scatterometer is that it provides the ability to make

the detailed measurements characteristic of those made from ground-based

system, the ability to rapidly move from one experiment location to

another, the ability to make large area surveys, and overcomes many of the

problems associated with aircraft-based systems which include

simultaneously measuring at all frequencies and polarizations and obtaining

l a large number of independent observations at a scene. The radar operates

at 1.25, 5.25, and 9.38 GHz simultaneously, at angles of incidence from

vertical to 800, and with VV, VH, HV, and HH polarization. A description

of this instrument is provided in this paper.

Introduction

There is a demonstrated need for accurate measurement of the radar

backscattering cross sections of a variety of Earth scenes. These data are

used in developing radar data bases and in the study of the ability to

convert electromagnetic signal data into information about the Earth, i.e.,

geophysical and environmental information. Measurement programs are at

their best when there is coordination among airborne sensors, surface-based

sensors, and scene characterization measurements. Accurate in-situ data

have proven to be invaluable in assisting in the interpretation of both

aircraft and satellite data products. In addition, coordination of

microwave measurements with detailed scene characterizations is critical in

the study of fundamental scattering processes.

1
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An instrument has been developed which plays an important role in

measuring scatter from distributed scenes. Commonly referred to as the
"scatterometer" it is designed so that backscatter from the region under 3
observation is described accurately. This region is often an incoherent

collection of a very large number of scatterers and the term differential

radar scattering coefficient o, is applied. This coefficient is the

scattering cross section a on a per unit area A basis (i.e., a* = o/A).

Typically the scatterometer is used to measure radar scattering m

coefficients over an extensive array of radar geometries and parameters

which may include the following: m

(a) Frequencies in the microwave to millimeter wave range;

(b) Polarizations such as linear, circular, or even synthesized;

(c) Angles of incidence which range from vertical to beyond 70°;

(d) Aspect angle;

(e) Space scales from the local to the regional; and

(f) Time scales such as daily, seasonal, or instantaneous. n

The role of a scatterometer flown from a helicopter becomes apparent i

upon examining the characteristics of the variety of sensors which existed

prior to the development of this system and upon examining the Earth scenes 5
for which additional information is needed. Aircraft and satellite

synthetic aperture radar (SAR) provide images (and digital products) of

large expanses. Some systems allow the use of multiple frequencies and are m
polarization diversified, but practically all observe at only one incidence
and aspect angle. Aircraft and satellite scatterometers typically operate B

at one frequency, may be dual-polarized, and acquire continuous data

profiles over large areas at many incidence angles and with moderate to 3
coarse resolution. Coordinating scene characterizations with sensors that

provide mesoscale coverage has been difficult. Ground-based scatterometers 1

have their own set of peculiarities. They may operate over a wide range of

frequencies, polarizations, incidence angles, and aspects angles, and the

coordination of microwave measurements and scene characterizations is very 1
doable. Difficulties may occur as to how measurements which inherently

tend to be made on the field level (a field may be defined as a scene which 1

I
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m exhibits the same scattering properties throughout) relate to the larger

scales; such as, a scene composed of a collection of fields, as well as the

m local and regional levels.

Surface-based or airborne sensors may have difficulty with a variety

of special situations. In the case of forest canopies, the sensor needs to

be positioned above the tree tops. Trees may be very tall, limiting the

utility of towers and booms. In addition, individual tree canopies may be

m large; hence, there is the need to acquire large spatial samples. In the

case of vegetation and soil studies, the positioning within a field needs

to be flexible and the ability to do regional surveys is important.

Surface-based snow studies have been limited to reasonably flat terrain

(i.e., in the valleys, but not on the critical and very hazardous mountain

slopes). Scatterometer measurements of the ocean are being made from

towers. Special problems include the effects of the platform, the ability

to easily measure the critical aspect angle dependence, to quickly transit

across hydrodynamic features, and to provide regional coverage. In Arctic

sea Ice and snow studies (the original purpose the helicopter-borne

scatterometer was developed) there is a need to be able to shuttle the

instrument and in-situ party to remote locations. In addition, the sensor

has the task of providing local and regional coverage in support of

aircraft-based sensors, such as the SAR and passive microwave imagers

(PMI).

In summary, the helicopter-borne scatterometer was born out of them
desire to satisfy the needs expressed above. This sensor complements well

the satellite, the aircraft and surface-based measurements. It

characteristics may be summarized as follows:

3 (a) Rapid transportation to remote locations of the sensor and

surface party,

(b) Detailed local measurements,

(c) Regional survey capability,

(d) Ability to adapt to special measurement situations, and

(e) Ability to quickly gather (i.e., before the scene has time to

change) very large numbers of spatial measurements.

mm
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HELOSCAT System Description U
The multifrequency, multipolarization helicopter-borne scatterometer

described herein and shown in Figure 1 has been developed for the

measurement of backscatter coefficients for use in remote sensing

applications. The radar, designed to operate at low altitudes, allows

high-quality scattering measurements from a mobile platform. The

frequencies at which the radar operates are based upon complementing

existing and future microwave remote sensors (See Table 1.). From an m
active microwave viewpoint, the frequencies of 1.25, 5.25, and 9.38 GHz are

critical and were selected for initial operation. Additionally, the

understanding of the frequency response characteristic is of such

importance that the radar was designed so that backscatter could be

recorded at these three frequencies simultaneously; thus allowing accurate

frequency response correlation studies of specific features and their 3
microwave signature to be made. Incidence angles may range from vertical

to greater than 70 degrees, and antenna transmit-receive polarizations

include VV, VH, HV, and HH (the first letter represents the transmit m
polarization, the second letter the receive polarization, V indicates

vertical polarization, and H indicates horizontal polarization). Sensor 3
specifications are summarized in Table 2 and sensor geometry in Figure 2.

Note that the antenna mounting structure is designed so that the vertical 5
may be viewed. This was done to more completely describe the scattering

processes, to relate Fresnel reflection coefficients with a scene's bulk

dielectric constant, and to provide added information for inverting surface

roughness parameters. Operation at vertical also allows calibrated

measurements to be made in support of altimeter scattering studies. m

This first generation of HELOSCAT was developed at the University of

Kansas in 1979 by R.G. Onstott and R.K. Moore [1,2]. To illustrate the 3
evolution of the HELOSCAT a brief description is provided. This system is

a single channel frequency-modulated continuous-wave (FM-CW) radar which 3
operates at frequency selected between 4 GHz to 18 GHz; at antenna

polarizations of VV, VH, and HH; and at a data rate of 5 samples/sec.

During the period from 1980 to 1984, this radar was used in numerous Arctic

sea ice, tower-based liquid ocean, and land-based studies [3,4].
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The HELOSCAT-II system is also based on the proven application of FM-

CW radar for use in obtaining accurate scattering measurements. This

system, shown in the block diagram provided in Figure 3, includes three

radar front ends, with each containing a two channel homodyne receiver (See

Figure 4), two parabolic dish center-fed antennas, a radar altimeter, a

remote controlled solid state color video system, an electronically

controlled antenna positioning system, radar control and processing

circuitry, a 24-channel data acquisition system, and a DC-to-DC converter-

based power supply system. Instrumentation also exists to precisely

measure pitch and roll. Note that there is complete electrical control of

all radar parameters.

The radars were designed to operate in discrete narrow frequencies

bands because (1) the testing of an earlier hypothesis that there may be

important backscatter resonances for sea ice (and terrain) was not

demonstrated to be of great importance, and (2) radar performance is

enhanced through use of narrow-band components which have higher

3 performance. All four linear polarizations are possible. High-gain and

narrow-beamwidth antennas are used for improved performance. Important

m gains have been made in the performance of the data acquisition system.

Data may be continuously sampled at rates up to 150 samples/sec. Sampling

can be done such that spatial samples are uncorrelated and contiguous with

m aircraft speeds beyond 80 knots. All available independent spatial samples

are retrieved for the purpose of achieving the highest measurement

m precision possible and to provide continuous and detailed coverage of

spatially small features, such as an ocean wave train or a sea-ice

pressure-ridge. A time coded color video system (bore sighted with the

radar) with voice channel has also been integrated into the sensor. Radar

parameters which may be specified in an experiment plan include altitude,

viewing angle, frequency, polarization, spot size (dependent on altitude,

viewing angle, and frequency), required measurement precision (or number of

independent samples), and data sampling rate (or aircraft speed).

In this radar the radio frequency (RF) signal is frequency modulated

m with a triangular sweep. This allows the target response to be associated

with range. The free-space range resolution rr is equal to c/2B where c is

3 the speed of light and B is the RF bandwidth. The effective range
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resolution is determined by either the filter action of the antenna or the I
bandwidth of the intermediate frequency (IF) filter. This filter is

selected to have a band narrow enough such that only target returns are 3
detected. Multiple independent samples arise when there is excess RF

bandwidth and the returns within the IF processing filter are true root-

mean-square detected (See Figure 5). Target returns may also be recorded

directly for future processing and for use in determining where within a

scattering volume the dominant sources of scatter are located. Recording m

of the IF signal is easily implemented because the transmitted RF signal

mixes with the received RF signal to produce an audio-frequency IF. 1

YIG oscillators are chosen to provide the RF signal because of their

linear tuning characteristics. Sweeping these oscillators with a DC offset

triangular waveform selects a carrier frequency and an RF bandwidth B

(typically between 0.5 to 1.0 GHz). A wide bandwidth is chosen to reduce

signal scintillations due to constructive and destructive interference

often referred to as fading. The transmit signal is sampled prior to being

routed to the transmit antenna port to provide the local oscillator for the 1

receiver mixer. Switches allow the L-band and C-band radars to share a

common antenna and the ability to choose between either the V and H antenna 3
ports. The RF block diagram of the X-band radar is essentially identical

to the above.

This radar in its present configuration uses two antennas, each having

two-port linearly-polarized feeds. The L-band and C-band radars share the

1 meter diameter dish antenna, while a 66 cm diameter dish is used solely I
at X-band. With two antennas it is possible to use four of the six

available IF channels at a time. The 1 meter antenna may be operated at L- 3
band and C-band concurrently obtaining measurements at like polarization,

or at one of the frequencies allowing the recording of both like and cross m

polarized returns. Note that operation at each of the four linear

polarizations is possible. Selectable polarization states are provided in

Table 3.

The data acquisition and display system, illustrated in Figure 6, was

almost entirely assembled from off the shelf components. These include a

8088-based single board microcomputer with extended memory, a hardened 20

megabyte (MB) hard disk, a high speed magnetic tape unit for storage up to

I



60 MB, an EPROM card for internal storage of software, a real time clock,

and a 24-channel 12-bit data acquisition module. A 160 character liquid

crystal display and a standard keyboard are used to interface to the

computer. Data recording functions are prompted by one or two key stroke

commands. Many of the parameters which are entered into the data stream

are displayed during data acquisition. All recorded parameters are

provided in Table 4.

In the normal operation of the radar in the helicopter, the range to

the target may change due to altitude variations. In the case of a

distributed target, the return signal is the distribution of amplitude-

modulated difference frequencies. Circuitry has been developed which
locates the mean or centroid of this distribution, which creates an error

signal which is proportional to the offset of the frequency associated with

the centroid from the center frequency of the IF processing filter, and

which corrects the modulation frequency so that the return signal is
precisely positioned at the center of the IF filter.3 Calibration of the radar is done both externally and internally.

Absolute calibration is performed by measuring the return power from a

precision calibration reference, such as a Luneberg lens retrograde
reflector. Absolute calibration is dependent upon the care taken to

minimize background clutter and multipath effects. This is accomplished

best when the calibration reference is supported with the sky as the
background. Internal calibration is performed periodically by direct
injection of a sample of the transmitted signal into the receiver at a

point immediately preceding the antenna ports. Instantaneous calibration

is assisted by continuously monitoring the transmitted power.

A ground support facility has been developed which allows data to be

3 processed and examined on site. In processing, operations of unpacking,

reformatting, and conversion of power returns to scattering coefficients
are performed. The resulting time series data may be displayed graphically

on a CRT or in hardcopy.

The HELOSCAT system interfaces to the Bell Model 206B helicopter.IThis helicopter was chosen because it is widely available and operation
costs are modest. The interior instrumentation (See Figure 7) requires 15

amperes of aircraft 28 VDC power and takes the place of one person in the
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passenger compartment. The radar is operated by one person. There are no 5
special modifications to the airframe of the helicopter. The exterior

equipment mounts directly to the tubular landing structure. Cables are ran 3
from the exterior to the interior through a window.

This radar is very flexible. Data may be acquired In either one of

two modes: profiles made along well defined flight tracks or scans made
from a hover across features of interest. In addition, this radar has the
potential to be operated from a variety of other platforms, i.e., towers, I
small aircraft, and ships.

This sensor, which has just been developed, has participated in a m
winter sea ice investigation [5] into the marginal ice zone (MIZEX-87) and

In an ERIM sponsored terrain and ocean water study (November 1987). m

SUMMARY

The purpose of this paper is to briefly describe the HELOSCAT-II
calibrated radar and outline its measurement capabilities. This instrument
has the ability to make detailed scattering measurements of a variety of m
important Earth scenes and acquire the many spatial samples necessary for a
comprehensive statistical description. The importance of this tool is 3
derived from the ability to make scientific measurements when scene
characterizations and scattering measurements must be localized and timely. 3
This is of particular importance in studies directed toward understanding

the radar-scene interaction processes. This instrument becomes especially

powerful when coordinated with SAR or PMI data collections.

I
I
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I
I
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A POLARIMETRIC MICROWAVE SCATTEROMETER

Robert G. Onstott & Scott H. Gaboury

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, MI 48107 USA

ABSTRACT Data acquisition procedures greatly impact mea-
surement accuracy. As backscatter levels become

A polarimetric radar has been developed that very small, locating the target returns in each of
operates at 1.8, 5, 10, and 35 GHz, and measures the the four channels so that narrow range gates may be
amplitude and phase at four linear transmit-receive positioned precisely requires increased sophistica-
polarizations -- the elements of the target scatter- tion.
ing matrix. Designed for application In both the 2. ACKNOWLEDGEMENTS
laboratory and the field, the capable HP8510B net-
work analyzer and HP8341B synthesized frequency This research was funded by Environmental
source serve as the heart of this system. Presenta- Research Institute of Michigan Internal Research and
tion included the system concept, hardware, and Development Account #61g105.
measured backscatter responses of calibration refer-
ence targets and distributed rough surfaces. RADA I TVA

Keywords: Polarimetric, Scatterometer, Microwave (H

I. DESCRIPTION

This radar allows the target scattering matrix
(TSM) to be acquired through measurement: hence, the
description of the polarization properties of the
scattered field is complete. Measurements support
studies which address surface and volume scattering,
repolarization, and depolarization. RADAR 2

The sensor is comprised of a synthesized fre-
quency source, RF-antenna packages (at each fre- ,,A
quency), a three-channel frequency converter, a
network analyzer, system control circuitry, and a
data acquisition computer (see Figure 1). Simul-
taneous measurements may be made at two frequencies. T

Each receiver is dual channel (see Figure 2); Figure 1. Polarimetric Radar System Configuration

both vertical and horizontal polarizations are
received coincidently. The TSM elements are ws WW."

acquired by transmitting using a V-pol antenna and . _
then an H-Pol antenna. The RF hardware is mounted

in temperature controlled enclosures. Clusters of D CUW 0

four antennas are mounted rigidly to these enclo- 
,OoLO

sures. Symmetry in the antenna cluster and RF hard- F c.,M,

ware provides short, nearly identical electrical F

paths: further adjustment of channel balance was not 12 , 12

required and the data acquisition software remained
relatively uncomplicated and inherently quicker.
The oscillator which is shared by each transmitter
and receiver determines the 

RF frequency and also

provides the phase reference. A swept IF signal
(1-2 GHz) Is provided for the up conversion at the
transmitters. The RF and antennas are separated ru W" F #I

from IF processing by a distance of 13 meters.
Losses and phase errors due to cable flexure were V. v4VL

kept small by selecting the low IF frequency and
using heliax type cable. Figure 2. Polarlmetric Radar RF/IF Diagram

I
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INTERCOMPARISON OF SYNTHETIC- AND REAL-APERTURE RADAR

OBSERVATIONS OF ARCTIC SEA ICE DURING WINIER MIZEX '87

R.A. Shuchman, R.G. Onstott, L.L. Sutherland & C.C. Wackerman

Radar Science Laboratory m
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, MI 48107 USA

ABSTRACT MJZIx 7 op...... ....... 4.

Active microwave measurements were made of
various sea ice forms in March and April 1987
during the Marginal Ice Zone Experiment (MIZEX). I
These measurements were made at 1, 5, 10, 18 and
35 GHz using a synthetic aperture radar (SAR) and * . ....
helicopter- and ship-based scatterometers. The X-
band (9.8 GHz) SAR data were compared to the
scatterometer data and it was determined that for I
5 GHz and higher frequencies both the SAR and
scatterometers can differentiate open water, new
ice (5 - 30 cm). first-year ice with rubble
(.60 -1.5 m), and multiyear ice. The analysis
further confirmed that the C-band (5 GHz) SAR's U. L
flying on ESA ERS-1 and RADARSAT will
differentiate the above mentioned ice types.
Keywords: SAR, Microwaves, Scatterometer, Radar Figure 1. MIZEX '87 Operations Overview Showing I

Ice-Edge Variation, Research Foci, andBackscatter, Sea Ice, MIZEX. Key Ship Positions

In this paper we first present the X-band (9.8 I
GHz) values for the various Ice types within the

1. INTRODUCTION marginal ice zone and then compare these SAR
values to the 1, 5, 10, 18. and 35 GHz

Active microwave measurements were made of measurements obtained by the real aperture radar
various sea ice forms in March and April 1987 operated from the ship and helicopter. The realduring MIZEX. The study area was located between aperture data has undergone the typical temporal

760N and 801N and IO*W to IOE, in an area of the and spatial averaging and thus the effects of
Fram Strait in the Greenland Sea (see Figure 1). image speckle or radar fading are minimal (Ref.
The ice conditions within the Greenland Sea during I). The multi-frequency scatterometer data in I
the three week experiment included: 1) grease ice conjunction with the X-band SAR data is then used
actively forming at the open ocean boundary; 2) a to evaluate the use of the European Space Agency's
combination of young frazil, nilas, and small Earth Resources Satellite-I (ESA ERS-1) and
pancake first-year ice forms in the Odden; 3) Canada's RADARSAT SAR's (Refs. 2, 3) for Ice type
multiyear ice (3 to 5 meters thick) with floe classification.
sizes ranging from 30 m to 50 km from the edge to
the interior; and 4) older first-year ice (3 to 2. DATA SETS
150 cm thick) of varying floe size dimensions
interspersed among the multiyear. Twenty-two SAR data collection missions were I

flown daily throughout the experiment using the
The active microwave observations included: Intera STAR systems. Each mission covered

1) a rail mounted ship-borne scatterometer system approximately a 200 by 200 km area surrounding the
which made measurements at 1, 5, 10, 18, and 35 ice-strengthened research vessel POLAR CIRCLE.
GHz; 2) a helicopter-based scatterometer which During flights, SAR data which were transmitted
collected parallel and cross polarized (HH; VV; via radio link to the POLAR CIRCLE, were used to
VH) data at 1.75, 5 and 10 GHz; and 3) an aircraft select sites to perform detailed microwave
equipped with a SAR that operated at 9.8 GHz with measurements as a function of incidence angle
horizontally transmitted and received using the helicopter and ship mounted I
polarizations. scatterometers. At each of the detailed sites,

I

I



m
"sea ice truth parties" from POLAR CIRCLE would Examination of Table 3 indicates that the SAR
characterize the physical and electrical and scatterometer measurements made at 10 GHz wereI properties of snow and Ice. In addition to the similar. In general, as the frequency increases
specific sites, the ship borne scatterometers the ability to separate multiyear from first-year
collected data in transit. Thus, for the first ice also increases. The opposite trend occurs
time, SAR sea ice imagery can be correlated with with decreasing frequency. L-band (1 GHz) which
coincidence scatterometer and sea truth data. is dominated by volume scattering and the effect

of topography has similar signatures for multiyear
The parameters of the STAR system are presented and first-year. C-band (5 GHz) appears to produce

in Table 1. Figure 2 is an image of a high signatures that are very similar to X-band (i.e.,
resolution (4 x 4 m) 17 x 36 km area that was volume scattering from bubbles dominates the
extensively "sea truthed" both from the ship and return from multiyear ice).
the helicopter. Indicated on Figure 2 are letters
A through G which correspond to the seven open
water and sea ice types found within this test 4. SUMMARY
area.

The X-band SAR data successfully separated the
The ship-based scatterometers operated at 1, 5, sea ice types within the image. The SAR derived

10, 18, and 35 GHz and are described in these backscatter values compared favorably to the
proceedings by Onstott and Shuchman (Ref. 4). The measurements made by the temporally and spatially
1, 5, and 10 GHz ship-based scatterometer was also averaged scatterometer data. The performance with

loperated on a Bell 206 helicopter and is described respect to sea ice classification of the ESA ERS-1in this issue, Onstott and Gaboury (Ref. 5). and RADARSAT which will operate at C-band (5 GHz)

should be comparable to the X-band SAR system used
in MIZEX. The performance of the Japanese ERS-1

3. BACKSCATTER RESULTS operating at L-band (1.2 GHz) will be degraded
with respect to discriminating first-year from

Thirty-three areas within the SAR ice image multiyear ice. All three of the above mentioned
shown in Figure 2 were selected for statistical satellites should distinguish open water from sea
analysis. Standard statistics (i.e., mean, ice, thus producing useful ice concentration
standard deviation, variance, skewness, and information.
kurtosis) were generated on these areas and

combined into the seven water and sea ice
catagories identified on Figure 2 and presented in 5. ACKNOWLEDGEMENTS
Table 2. The SAR data is seven-look and using an
equation of Lyzenga et. al., (Ref. 6) the variance This work was supported under Office of Naval
due to speckle can be removed, leaving just the Research (ONR) Contracts N00014-81-C-0295 and
spatial variation of the scatterers. To N0014-86-C-0469. The ONR technical monitor is Mr.
illustrate this, Figure 3 shows the data from Charles A. Luther. ERIM's ONR contract N0014-86-
Table 2 plotted in dB. The boxes in Figure 3 C-0469 is jointly funded by NASA HQTRS/Ocean
represent the means of the classes and the extent processes Branch. The NASA technical monitor is
of the error bars are determined by adding and Dr. Robert Thomas.
subtracting tre standard deviation of the spatial
variations (i.e., with the speckle component 6. REFERENCES
removed) to the mean values. Note that categories
A through E have a significant amount of spatial 1. Ulaby F et al 1982, Microwave Remote Sensing,
variation, while categories F through G have none. Addison-Wesley Publ. Co., vol II.
The relativity higher spatial variation of
catagories B and C are thought to be due to the 2. Louet J 1986, The ESA approach for ERS-1
effects of rubble on the surface. This suggests sensor calibration and performance
that automated techniques (Ref. 7) utilizing SAL verification, Proc IGARSS '86 Symp, Zurich
texture information (i.e., the spatial variations) 8-11 September 1986, ESA SP-254, 167-174.
may prove useful in sea ice classification.

3. Oceans Working Group 1985, Ocean satellite
Examination of Figure 3 reveals that in general data opportunities for Canada: a long-term

categories A and C through G are separable view, Canadian Advisory Committee on Remote
indicating that multiyear ice can be Sensing, Ottawa.
differentiated from first-year ice with rubble,
thick and thin young ice, and open water on the 4. Shuchman R & Onstott R 1988, Radar backscatter
X-band (9.8 GHz) SAR data. Category B which of sea ice during winter, Proc IGARSS '88
included a mixture of multiyear, first-year and Symp, Edinburgh, Scotland 13-16 September
open water was not separable due to the mixed 1988.
nature of the category. The grease ice area had a
lower return than the ice free open water 5. Onstott R & Gaboury S 1988, Active microwave
suggesting the grease ice dampened the capillary measurements of artificial sea ice, Proc
waves which made the surface appear smooth to the IGARSS '88 Symp, Edinburgh, Scotland 13-16
radar. September 1988.

The SAR values for multiyear, first-year with 6. Burns B & Lyzenga D 1984, Textural analysis as
rubble, first-year without rubble and thin new ice a SAR classification, Electromagnetics 4, 309-
were then compared to the scatterometer 322.
measurements made at 1, 5, 10, 18 and 35 GHz (see
Table 3). The standard deviation of the 7. Shuchman R et al 1984, Textural analysis and

scatterometer data is approximately +.5 dB. real-time classification of sea-ice types
using digital SAR data, IEEE Transactions on
Geoscience and Remote Sensing, vol GE-22(2).
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Table 1. STAR System Parameters As Used in MIZEX

PROPERTY STAR-2 STAR-i I
Operating Altitude 29,000 ft.

Wave length X-band
Polarization HH I
Viewing Direction Left or Right

Processing Real time

Recording 8 bit data, full 4 bit data, either
bandwidth data 12 x 12m or 24 x 24m
recording on pixels on serial
parallel HOOR HDOR

Swath width
Narrow (Hi-Res) 17 km 23 km
Wide (Lo-Res) 63 km 45 km

Pixel size Along track/ Along track/ I
cross track cross track

Hi-Res 4 x 4 m Not used

Lo-Res 5.2 x 16m 12 x 12m or 24 x 24m

Downlink 4 bits 4 bits

Azimuth Looks 7 7

Lo-Res 16 x 16m or 12 x 12m or
32 x 32m 24 x 24m

I
I

,J,
F A

Figure 2. STAR-2 Extensively "Sea-Truthed" High-Resolution Imagery. Letters A Through G I
Correspond to the Seven Open Water and Sea Ice Types Found Within This Test Area.

I
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An # o m MAinValue Max Valu Varianc Standard eviatin

A 6 41 14178 1471 806527 885

B 1 9 9604 488 146850 383

C 4 19 10969 804 443262 608

D 1 4 1024 190 11840 109
E 1 4 729 124 3717 61
F 10 14 266 67 543 23

G 2 7 196 62 337 18

A • 50-60% Muliysar Ice in Consolidated Firsl-Yer Ice Framework (1-3 cm snow)

B • 30-40% Multiyear Ice with Rubble in Loose Fiat Year Ice Framework (some open water)
C First-Year Ice with Rubble (.60-1.5 m thick)
D • First-Year Ice (20-40 ca thkk)

New Ice (5-8 cm thick)

F• Open Water

G Open Water with Grease Ice Streamers

Table 2. MIZEX '87 SAR Clutter Statistics -- Averaged Values for 'Similar Areas

6 April - Mission 15

35-

30.

- 25-

> 2 Mean Value

c: 20

15

10 1 . . .
A B C D E F G

Ice Type

Figure 3. SAR Mean Backscatter at 400 Incident Angle for Sea Ice and Open Water

Scatterometer SAR

1 5 10 18 35 10

MY 13 17 20 25 25 20

FY 16 9 11 15 12 11

FYR NA 6 7 15 10 4.7

New NA 3 3 3 3

MY .. 50 - 60% Muti-Year Ice in Consolidated First-Year Ice Framework (1-3 cm snow)
FYR , First-Year Ice wih Rubble (.60-1.5 m thick)

FY - Firsl-Year Ice (20-40 cm thick)
New * New Ice (5-8 cm thk,)

NA Not Available

Table 3. Scatterometer and SAR Values at 400 Incident Angle for Four Categories of Sea Ice
Referenced to Open Water

4
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RADAR BACKSCATTER OF SEA ICE DURING WINTERI
Robert G. Onstott and Robert A. Shuchman

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, MI 48107 USAI

ABSTRACT 2. SENSOR AND EXPERIMENT DESCRIPTION

Active microwave measurements were made during Two radar scatterometers were operated during

the 1987 Marginal Ice Zone Experiment (MIZEX). this investigation: one from the Norwegian ice
Backscatter data were acquired at frequencies from strengthened ship, and a second from a small
1.25 to 35 GHz, at incidence angles from 0 to 80 helicopter. Ice and ocean data were collected from
degrees, and with linear antenna polarizations, the ship during transects through the MIZ. During
The objective was to make descriptions of the the times the ship was held against ice floes,
scattering coefficients of the major ice types in detailed surface measurements were made. These
the region and to study the winter conditions and included radar backscatter cross sections (ERIM),
their influence on the microwave response. Results brightness temperatures (University of Washington),
show that muitlyear and pancake ice produce strong ice and snow characterization (CRREL, ERIM, and

backscatter, while returns from open water between University of Washington) and dielectric properties
floes and new ice are weak. First-year ice has a (ERIM). Measurements were made to study the
wide range of returns; when the surface is smooth temporal changes in the properties of the various

returns are weak, and if roughened, I.e., like ice types and to examine the variety of ice

pancake ice, the returns increase substantially. conditions in the MIZ. Floes were selected using
the SAR downlink data. The floes selected from the
SAR data were representative of both typical and

Keywords: Backscatter, Sea Ice, Radar, anomalous conditions in the Immediate region about

Scatterometer the ship. The helicopter scatterometer made
measurements at these floes and extended the
detailed local measurements to the regional
measurements made by the SAR. The helicopter-borne
scatterometer was used to link the mesoscale
programs and provide the high mobility needed to

1. INTRODUCTION study ice conditions throughout the experimental
region.

Radar backscatter data were acquired from the
ice-strengthened ship M/V POLAR CIRCLE which was
positioned in the Fram Strait marginal ice zone Surface measurements were made of the physical-

(MIZ) during March and April 1987. These measure- electrical properties of various ice and snow types

ments were coordinated with those of an aircraft present at the remote sensing test sites. Physical

equipped with synthetic aperture radar (SAR), property information acquired Includes temperature

satellite sensors, surface-based passive microwave profile, small-scale roughness of surfaces and

radiometers, and detailed ice characterizations, layers, salinity distributions, thickness, density,
Synoptic coverage by satellites, higher resolution snow grain size, snowpack construction, snow-ice

100 km x 100 km coverage by aircraft SAR, local interface descriptions, ice sheet construction, ice

area coverage by the helicopter scatterometer, and sheet discontinuity profile (scatterers in the ice

very detailed local coverage from the ship were sheet such as air bubbles), and ice sheet

integrated with success. freeboard. Dielectric constant measurements were
made using coaxial resonators and cavities atm approximately 1, 5, and 10 GHz.

The MIZEX '87 winter campaign 
was of great

interest because well-coordinated measurement
programs have been directed at other seasons but The ship-based sensor shown in Figure I is a

never in the winter in the Fram Strait. A winter millimeter wave radar and was mounted on the wheel

experiment allowed us to examine the seasonal house deck, approximately 15 m above the ice.

variation in the microwave and physical properties Backscatter data were acquired at 18 and 35 GHz.

for the various ice types and features. These Looking to the side of the ship, scenes could be
microwave and phytical property data are needed to viewed from 15 to 80 degrees from vertical.

better evaluate and produce geophysical quantities Angular response measurements were made when the

from SAR. ship was stationed next to ice floes. Additional
data were acquired as the ship traversed through



I
extensive regions of new ice. Sensor PC ice backscatter fell between those of MY and FY
specifications are sumarized in Table 1. ice. FY ice returns were about 10 dB lower than

those of MY ice. This is similar to the cases at m
The helicopter-borne scatterometer shown in the lower frequencies. Open water (OW) produced

Figure 2 was flown at an altitude of 15 to 30 m. weak backscatter in the angular region between 10
The radar operated at 1.25, 5.25, and 9.38 GHz and 50 degrees. The contrast between MY ice and OW
simultaneously. This is an important aspect of was greater than 20 dB in the region from 30 to 50
both this radar and the millimeter radar, degrees. Smooth, undisturbed new ice returns were
Collecting data simultaneously improves the ability an additional 5 dB lower than OW at 40 degrees.

to study frequency and polarization signature MY ice continued to produce strong backscatter at
behavior and to correlate specific features with 35 GHz (see Figure 7). FY ice and OW returns were
their microwave signatures. Incidence angles similar and decayed rapidly beyond 10 degrees. PC m
ranged from vertical to 70 degrees, and antenna ice produced strong scatter, about 5 dB lower than
transmit-receive polarizations included VV, VH, HV, that of MY ice from 35 to 70 degrees. These cross
and HH (i.e., VH indicates vertical transmit and sections were considerably larger than those for
horizontal receive). This sensor allows the data the smooth-surfaced FY ice.
to be acquired so that it is uncorrelated but m
spatially contiguous, with reasonable aircraft 4. CONCLUSIONS
speeds (i.e., up to 60 knots) making full use of
available independent spatial samples. A color Based upon the preliminary results described
video record of the scenes observed was produced, here, the contrast between MY ice and FY ice with a
Sensor specifications are summarized in Table 2. relatively smooth surface improves with frequency

in the region between 1 and 35 GHz. When the ice
Internal calibration for both radars necessary is young and rough, i.e., PC ice, returns are

for short-term variations in the radar was significantly greater and occur at levels similar
accomplished by passing the radar signal through a to those of MY ice. This was seen to be especially I
delay line of known loss. Overall system true at angles from 20 and 30 degrees. OW between

calibration was performed by measuring the floes was found to produce weak returns suggesting
backscatter from targets of known cross section, a that radar should perform well in separating ice
Luneberg lens or a trihedral. from water.

3. PRELIMINARY RESULTS 5. ACKNOWLEDGEMENTS

The MIZ was comprised of numerous floes which This work was supported under the Office of
were typically less than 200 m in diameter. These Naval Research (ONR) and NASA Contract No. N00014- U
floes also showed various degrees of deformation. 86-C-0469. The technical monitors for this work
There were also extensive areas of new ice. These were Mr. C.A. Luther (ONR), Dr. K.C. Jesek (NASA),
included homogeneous and reasonably undisturbed and Dr. R.H. Thomas (NASA).
areas to those composed of pancakes with rough
edges which form because of wave action. The 6. REFERENCE
thickness of the young first-year (FY) sea ice
ranged from about 20 to 80 cm, multiyear (MY) ice 1. Onstott R G, R K Moore, S Goginen & C V Delker
from 165 to 410 cm, and new and pancake ice (PC) 1982, Four years of low altitude sea ice
from 1 to 10 cm. broadband measurements, IEEE J. Oceanic Eng.

vol OE-7(1), 44-50.
Preliminary results at the L-band frequency (see

Figure 3) show that FY ice at VV- and HH-
polarizations were within about one dB of being
identical at angles from 35 to 65 degrees.
Signatures of FY and MY ice were also similar, with
FY about one dB higher. These measurements are
consistent with observations made in 1976 (Ref. 1).
Cross-polarization rqturns were not similar. The
returns of FY ice were higher and decayed more

rapidly with increasing angle than those of MY Ice.
This result was not anticipated and further
investigation of the data is underway.

Results at the C-band frequency (see Figure 4) "
show that PC ice returns were greater than those of
MY ice at angles less than 40 degrees. Like- and
cross-polarized MY ice returns were well separated, M lp
between 6 and 14 dB.

At the X-band (see Figure 5), PC ice again
provided the strongest returns at angles less than I
30 degrees. However, beyond 30 degrees MY ice
produced the greatest backscatter. At 45 degrees
FY and PC ice signatures merged at a level of about
7 dB lower than that of MY ice. As was the case at
the L-band, FY cross-polarized returns were higher --than those of MY ice. s --- . .a - I

MY ice returns were the highest from 20 to 70
degrees at the Ku-band frequency (see Figure 6). I

Figure 1. Ship-Based Scatterometer

2!
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Frequency (GHz) i8 35 94 Ftrquency (G~lz) 1.25 S.25 0.38

FM Sweep (MHz) 1000 1100 400 Polarization -VV. V14. MV, HH -

Antenna Bearnwidth () 5 3.5 3 I nconc Angle r k) I0
Polarizations1  

Vor H V or Vor H Height, Typical 23 mn
Height (in) 16 16 16 Spot Size (mn)at40 4.5 1.6 1.3

Footprwont (Mn) 2.0 1.4 1.2 Ineenent Samples

N-Ffoq3 9 6 6 Pekrsa,1rW4 24.0 12.0 15.0

N-Spalial 413 g 30 Precision (N8)

N-Totals 117 54 180lD*z. *1t.

a rcso d) *06 t10 t05Absolute Acuracy, ±.0 t.0 0.0I

1 V VV H .HH.X . H o HVTable 2. Heloscat Specifications
2 
Foopnn at 40 * (Except lor 0.5 GHz)

3 Numnber of Independent Samples Via Excess Bandwidth4 lIndependent Sarmples per Spatial Footprint5 Total NuRm of Independent Samples per Footprint

Table 1. Shipscat Specifications
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ACTIVE MICROWAVE MEASUREMENTS OF ARTIFICIAL SEA ICEI
R.G. Onstott and S.H. Gaboury Jon Bredow and Prasad Gogineni

Radar Science Laboratory University of Kansas
Advanced Concepts Division Lawrence, KS 66045 USA

Environmental Research Institute of Michigan

Ann Arbor, MI 48107 USAI
Observations were made of ice as it grew to ;J

cm. Physical properties (i.e., fabric of the ic,

ABSTRACT sheet, the salinity, tf.e density, the temperature,
location of layers, location of internal inhomo-

During the winter of 1988, active microwave geneities, and surface roughness) which may
measurements were made of artificial sea Ice. A influence backscatter and emission were measured;

5 m x 15 m outdoor tank of a 1.2 m depth was filled ',!se data or their derivatives provide the
with sea water. Polarimetric radar backscatter critical inputs for the electromagnetic models.
data were collected at 1.8, 5, and 10 GHz for
incidence angles 0 degrees to 60 degrees. For this investigation, the polarization diver-

Observations commenced with open water and sified ERIM and KU scatterometers have been

continued until 30 cm of sea Ice were formed. The enhanced by adding the sophistication necessary to

roughness of the ice surface is important I,, measure phase. Note that previous measurements

determining the general backscatter level for were made to describe the noncoherent average

first-year ice. Experiments were per- scattering coefficients at VV, VH, HV, and HH

formed to study the change in backscatter with polarizations (I.e., VH indicates vertical transmit
various roughness scales. Effects of freeze and and horizontal receive). These radars were used to
thaw conditions were also examined. mcasure the target scattering matrix (i.e., the

matrix elements are the detected scattered fields

Keywords: Scatterometer, Polarimetric, Sea Ice at VV, VH, HV, and HH polarizations) which allows
the examirition of the functional dependence of

intensity on polarization. During CRRELEX,
polarimetric measurements were made at 1.8, 5, and
10 GHz in the configuration shown in Figure 1. The

ERIM polarimetric radar (Ref. 1) is briefly
described in a paper found in these proceedings
entitled, "A Polarimetric Microwave Radar". In

addition, millimeter wave data were collected at

1. INTRODUCTION 18, 35, and 94 GHz using a noncoherent (ERIM)I radar.

The microwave properties 
of sea ice grown at the

U.S. Army Cold Regions and Engineering Laboratory 2. OBSERVATIONS

(CRREL) were investigated during the 1988 winter
season. The sea ice facility is comprised of a An ice sheet was allowed to grow over a 2-month

5 m x 15 m outdoor tank, a tent to protect the ice period. Observations were made of open water, 5-mm

sheet from snow and rain, a gantry style instrument thick new ice, 8-cm thick grey ice, 12-cm thick

mounting structure, and heated working environments grey ice which had a rough, air-ice interface (rms

in the immediate vicinity of the tank. The tank roughness of about I cm), and 12-cm thick grey ice

size, determined by instrument and experiment needs, with a liquid film water on its surface, and 20-cm

allows for the acquisition of Independent spatial thick ice which had undergone desalination and

samples and measurements at angles from vertical to showed some of the characteristics associated with

60 degrees. These efforts, which are part of a new multiyear.

three-year, laboratory-based investigation, are
focused on understanding the microwave signatures Preliminary results show that, in general, the

of sea ice; this will be accomplished by detailed backscatter response at VV and HH polarizations are

studies of the various aspects of backscatter and similar at angles from vertical to 40 degrees, with

emission and through the intercomparison of measured the possibility of a few dB of spreading at the

data and theoretical predictions. Two strengths of larger angles. Examination of the change in the

the CRREL Ice Tank Facility are the ability to Fresnel reflection Loefficients at large angles

control the physical properties of the ice sheet should explain the degree of separation. The back-

and the time to rigorously measure the physical and scatter response of 12-cm thick grey ice as shown

microwave properties of ice which closely simulate in Figure 2 illustrates this. Antenna gain pattern
that found in the Arctic. effects have been removed to obtain true scattering

coefficients (Ref. 2). The nearly identical

I I.



1
returns at VH and NV suggest reciprocity, i.e., 3. CONCLUSIONS
that VH - HV. The rapidly decayi,g angular
response and the large separation between like and Absolute backscatter levels for new to grey ice
cross polarized returns, especially between are small, except for the large, coherent returns
vertical to 20 degrees, are characteristic of at vertical. The backscatter responses of new,
scatter from a dielectric with a smooth surface in grey, rough grey, and desalinated first-year Ice at
which there is sufficient penetration to produce a linear polarization were found to be dissimilar. m
small volume scatter. This is necessary to This was further demonstrated by examining their
generdte the cross-polarized return. Study of the polarization signatures.
measurement system response to cross-polarization
isolation will also be required to validate these
conclusions. 4. ACKNOWLEDGEMENTS
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Microwave Sea-Ice Signatures
Near the Onset of Melt

CHARLES E. LIVINGSTONE, R. G. ONSTOTT, MEMBER, IEEE, L. D. ARSENAULT,
A. LAURENCE GRAY, MEMBER, IEEE, AND KESHAVA P. SINGH, SENIOR MEMBER, IEEE

I
Abtract-On June 22, 1982, the Canada Centre for Remote Sens- In the L- to K-band portion of the electromagnetic spec-

ing's Convair 580 aircraft (CCRS CV-580) made X-band SAR, Ku-band trum the strong scattering cross-section contrast between
scatterometer, and K-band Radiometer measurements of the sea ice in sea ice and water, and between ice floes of different ice
Crozier Channel. Measurements of the physical properties of the ice

and snow cover were in progress at a site in the southern portion of types with varied topographies (various radar textures),
* the CV-580 measurement area at the time of overflight, permits airborne imaging radar systems to provide accu-

The CV-580 X-band SAR and Ku-band scatterometer were cross cal- rate sea-ice edge position, ice concentration, and ice dy-
ibrated with the University of Kansas Heloscat to examine the fre- namics measurements year round in local areas (_< 105
quency dependence of surface signatures. km2 per flight [181, [12] [301, [1]). Under coldcondi-

Analysis of the combined airborne and surface characterization data
set shows that the microwave signatures of the surface, under the con- tions, differences in microwave scattering cross sections
ditions present, were dominated by the snow cover and, in bare ice characteristic of different ice types, when augmented by

areas, by surface moisture. At frequencies above 9.35 GHz no scatter- radar texture, permit the determination of the spatial dis-
ing cross section/brightness temperature signatures could be uniquely tribution of ice types from radar imagery [71, [10], 1221,

related to iew type over the entire experiment area. [24]. During the summer melt period, accumulation of
free water in the snow and on the ice surfaces modifies
the scattering cross sections sufficiently to make ice-type

1. INTRODUCTION identification from radar imagery difficult and at times im-
OTH ACTIVE and passive microwave remote-sens- possible [151, 1101, [161, [71, [24].
ing techniques have proven to be valuable for inves- Quantitative studies of the microwave scatterometric

tigating and monitoring ice-infested oceans at both global and radiometric properties of various sea-ice types, have
and local scales. resulted in a good understanding of characteristic arctic

The strong emissivity contrast between sea ice and sea-ice type and surface deformation signatures under cold
water permits satellite-borne radiometers to provide global conditions [111, 120], (24], [7], [19]. During the cold sea-
sea-ice concentration measurements to reasonable levels son, simultaneous spatially coherent 19.4-GHz radiome-
of accuracy over most of the year [291, [3]. Under cold ter measurements and 13.3-GHz scatterometer measure-
conditions, the emissivities of various sea-ice types are ments can be combined to create a three-dimensional
known over a wide range of microwave frequencies [11], feature space in.which major ice types can be classified
[281, [211, [51, and are sufficiently stable to permit the to accuracies in excess of 90 percent [11], 119], [20].
use of satellite radiometer frequency and polarization di- During the summer melt season this feature space fails to
versity for global-ice-type concentration measurements provide adequate ice-type signature separation for a cu-
[21, [3]. During the winter-to-summer transition period rate classification 1111, [7]. Distinct summer signatures
and the summer melt period, the presence of free water are found, however, that appear to be related to snow-free
on the ice and in the snow cover changes ice-type emis- water content as suggested by [4], [23], but these signa-
sivities and degrades the sensitivity of space-borne radi- tures are not temporally stable. The observed temporal
ometers for ice classification. Recent work by Carsey [31] variations in summer sea-ice signatures are believed to be
has shown that the summer period microwave signature a result of competition between those surface processes
variations observed from space can be interpreted in terms that create scattering centers within the snow cover and
of the ice surface transitions that occur at this time. in the ice surface layers and those that mask or annihilate

them.
In June and July of 1982, a joint U.S./Canadian exper-Manuscript received March 25. 1985; revised September 24. 1986. iment was conducted in the vicinity of Prince Patrick Is-

C. E. Livingstone. A. L. Gray, and K. P. Singh are with the Canada

Centre for Remote Sensing. Ottawa. Ontario. Canada KIA OY7. land (Fig. 1) as part of the Radarsat/Firex' ice experiment
R. G. Onstott is with the Remote Sensing Laboratory, University of series. During this experiment an extensive ice surface

Kansas. Lawrence, KS 66044.
L. D. Arsenault is with Cold Regions Remote Sensing. Stittsville, On- 'Radarsat-An ongoing Canadian program to develop and launch a Ca-

tario, Canada. nadian radar-equipped satellite. Fire-A U.S. program to define a future
iEEE Log Number 8612637. free-flying SAR satellite.

0196-2892/87/0300-0174$01.00 © 1987 Canadian Crown Copyright



LIVINGSTONE et al.: MICROWAVE SEA-ICE SIGNATURES NEAR MELT 175 i

21 120' uiS- 11- ,T'n._ reference for the CV-580 X-band SAR. CV-580 SAR.
! rrr.l scatterometer, and radiometer data are used to examine

the sea-ice signatures along the CV-580 profiling sensor 3
track.

II. THE EXPERIMENT SITES AND DATA ACQUISITION

/~ i q0~~ A. The Experiment Site and Surface Conditions

On June 22, 1982 the Crozier Channel was covered by
.....- - - -a fast ice sheet consisting primarily of first-year ice (Fig. U
DAE .. T _ 2). North and east of Manson Point a large grouping of
MAP old ice floes were frozen into the first-year ice matrix. The
-EA o ld ice was generally snow covered, however the first-

- T Tr - T year ice surface was frequently bare between snow drifts.
Two floes within the old ice group are identified in Fig.

2. Floe I (also known as Peach Pit Floe) was occupied
I "  by surface characterization teams engaged in temporal

-- studies of ice signatures on June 22; Floe 2 (Intrepid Floe)
was first visited by surface teams on June 26.

In the vicinity of Floe 1, the snow cover on the muli-

year ice varied in depth from 2 to 6 cm on the hummock
tops to 60 cm along the sides of ridges. On the adjacent
first-year ice, the snow depth varied from 0 (bare ice) to
a maximum depth of I m in drifts, but was generally 2 to

5 cm in depth. The snow cover had a thin (1- mm) ice
crust, showed evidence of recrystallization, and occasion-

Fig. I. Summer 1982 Radarsal/Firex experiment area. ally contained ice nodules.

Although no quantitative measurements were made of

the free water content of the snow, from qualitative de-

characterization program was combined with surface and scriptions on elevated surfaces the snow as moist [9] and

airborne microwave remote-sensing programs and was in depressions was fully saturated (Radarsat/Firex 1982).

conducted by several U.S. and Canadian agencies [26]. The snow-ice interface was described as "wet." Grenfell

The remote sensing components of the experiment in- and Lohanick [91 reported "'moist" snow extinction coef-

cluded both site-specific temporal studies of microwave ficients in the range of 3.4 to 4.2 m-' at 10 GHz. Extinc-

brightness temperature and scattering cross-section sig- tion coefficients for wet corn snow and a wet surface crust

natures of the ice cover and time-specific large-area stud- were 20 and 30 m- '. respectively. Onstott and Gogenini

ies. The temporal studies were based on surface radiome- [25) reported the presence of a rough (at centimeter scales)

ter measurements along local experiment lines [91 and on superimposed ice layer on exposed first-year ice.

helicopter-borne scatterometer (Heloscat) measurements Detailed surface data is not available elsewhere in the

along these same lines over the period of June 18 to July area covered by the CV-580 sensors (Fig. 2); however, *
7, 1982 1241. Time-specific area coverage was provided good-quality low-altitude (1500-ft) photography was ob-

by tained and was used to infer some of the general proper-

1) the Canadian Atmospheric Environment Service ties of the ice and snow surface. While no open melt ponds

(AES) Electra with an X-band SLAR on May 20, are found in the photographic record, some regions of
(aE Juy,9water-saturated snow are seen at the southwest end of the
and July 3, 1982;

2) the Canada Centre for Remote Sensing (CCRS) CV- CV-580 flight line up to and including the floe I area.

580 with K-band Radiometer. Ku-band Scatterome- Bare ice in this portion of the Crozier Channel is generally
wet. At the northeast end of the experiment area, in the

ter, and X/L-band SAR on June 22 and July 7,
vicinity of floe 2, there is no evidence of free water on1982; and

3) The NORDA P3 with a Ku-band imaging radiome- exposed surfaces.

ter on May 14, 1982. B. Data Acquisition

This paper is based on the CCRS data set of June 22, On June 22 near-surface (Heloscat) HH-polarized scat-

combined with the surface characterization and near-sur- terometer measurements of the floe I ice were made at

face microwave remote-sensing data sets of June 22 and 5.2. 9.6. and 13.3 GHz along the Heloscat experiment t

June 26. Ku-band Heloscat and CV-580 Scatterometer line shown in Figs. 2 and 3. Data were acquired at seven

data are compared to establish the relative calibrations of incidence angles ranging from 5' to 60' over the coursel

these two instruments for the June 22 measurement pe- of the day's operations.

riod. X-band Heloscat data is used to provide a calibration In parallel with the Heloscat measurements, sled-borneI
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tion pass at 1370-ft altitude provided Ku-band (13.3-GHz)
...... HH- and HV-polarized fan beam scatterometer, K-band

... .. . . . // =.. (19.4-GHz) H-polarized radiometer, infrared radiometer
" )(8.5- to 14-gm) data, and 1:2750 scale black and white

- photography along a line that crossed both floe I and floe
S~yL ~2 as shown in Fig. 2.

---- /fly The results discussed in this paper are based on Helo-
S// scat measurements at 9.6 and 13.6 GHz, surface radi-

,/MY. FY.. / ometer measurements at 10 and 18.7 GHz, CV-580 Scat-

M- ,/ A - ---C oa 3m ments at 9.35 GHz, and radiometer measurements at 19.4
,- CVwo I GHz. The relevant sensor parameters are outlined in Ta-

-"2 -,( T./i ,-,,, { blel1.

III. INTERCALIBRATION OF HELOSCAT AND CV-580 Ku-
BAND SCATTEROMETERS

Sf' / For the June 22 CV-580 overflight, the CV-580 Ku-
"7/ / " band scatterometer and the Heloscat Ku-band scatter-
/1 / "ometer operated simultaneously only during the CV-580

/ / Iprofiling sensor transit of floe 1 and vicinity. Because of
./ /I .. ,,,.--, ,5its pencil beam radar geometry and incremented incidence

angle implementation the Heloscat system required most
of the day's operation to accumulate data over the inci-

Fig. 2. The Crozier Channel experiment site, summer 1982. dence angle range covered by the CV-580 scatterometer.
Surface measurements indicated that surface conditions
were sufficiently stable to allow the Heloscat Ku-band data
set to be used without first-order temporal corrections.
From the floe 1 experiment site map, Fig. 3, it is evident
that the CV-580 profiling sensor line and the Heloscat line
did not intersect. The CV-580 scatterometer and Heloscat

L Icomparison was based on spatially proximate ice samples
whose X-band synthetic aperture radar signatures and sur-
face conditions (as judged from the photographic records)

C, were similar. The selected data sets for the CV-580 sensor
consisted of first-year fast ice with visual evidence of wet
patches (scatterometer data block 44) and an old rough

PROLING ''multiyear floe north of floe I (scatterometer data block 31.
SENSOR, ,:- feature 7 in Fig. 3).
JUNE 22.,We) The Heloscat data set consisted of fast first-year ice

--- HE LOSCAT LINE-,E2 19W) south of floe I (near number 8 in Fig. 3) and the old rough

( OLD IJLTIYEAR multiyear floe contained within floe I (feature 1 in Fig.
YOUGMT- YEAR IC 3).
OUT& O ARIC4 The data from each sensor were processed to yield sam-

Y uNG.WTSJLT-YKA,,R piIaerg backscattering cross sections (o°HH) at in-
DATA BLOCK 39
YOUWg, VET MULTI-YFARil ICE
DATA OLD."t.c' 31 cidence angles (0) spanning the range of 5' to 60* using

(1) ,,R.T- ,,A R ,cOST CEthe best available estimates of the sensor calibrations. Fig.
Fig. 3. Floe I experiment site map based on SAR and photographic data. 4 shows the 13.6-GHz Heloscat and 13.3-GHz CV-580

scatterometer a°HH(0) signatures for these data samples.
For the first-year ice samples selected, both the Helo-

microwave radiometer measurements of adjacent ice were scat and CV-580 scatterometer yield o°HH values whose
made at 10, 18.7, 33. and 37.6 GHz along the same data incidence angle dependences are the same to within the
acquisition line. Snow and ice surface characterization relative calibration accuracies of the sensors (± 1.5 dB)
measurements were made along the radiometer track. from 8' to 450 incidence angles. The Heloscat a°HH(O)

The CV-580 overflew the Crozier Channel experiment values are 4 dB larger. At 55' the CV-580 scatterometer
site in the middle of the day's surface measurement activ- o*HH values drop 3 dB from the 450 value while the He-
ity at floe 1. The first data acquisition pass was made at loscat aoHH at 550 is the same as at 450 . Part of this
10 000-ft altitude and provided X-band (9.35-GHz) SAR discrepancy may be attnbuted to antenna pattern structure
imagery of the central region of the channel (Fig. 2) that in the CV-580 scatterometer.
in,.luded both floe I and floe 2. The second data acquisi- The Heloscat and CV-580 scatterometer o*HH(O) re-
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TABLE I
SELECTED SENSOR PARAMETERS FOR JUNE 22, 1982

Ealeecat

Radar Description: FI/CW Pencil Beam Scatterometer
Deta Acquisition:

Altitude Ground Sample Incidence
Speed Interval Angles/Pass

30 * 18 r/s 0.25

Channel Characteristics:

Polarization HH , NV
Beamwidth 1.90 2.60

Calibration ± 2 dE
Frequency X-bend (9.6 GHz) Ku-band (13.6 GHt)
Incidence Angles 5. 12, 21, 30, 39. 500 5, 12, 21, 30 39, 600

Ground Radiometers

Resolution Cell I m X 1.4 a (at 450 incidence)
Incidence Angle 450 on traverses

0' to 70' at selected pointsRad ioaetr it

calibration ± 1.5 K
Frequency X-band (10 GHz) K-band (18.7 GHz)
Polarization H and V

CV-580 Sensors 1
Ku-band Scatterometer
Radar Description: CW/Doppler Fan Beam Scatterometer

Data Acquisition: Altitude Ground Sample Incidence
Speed Interval Angles/Pass

418 a 85 m/s 0.33 s 80 to 600

(simultaneous)

Channel Characteristics

Frequency 13.3 GHz
Polarization HH HV
Receiver Bandwidth 8 Me1
Noise Equtvalenti O -40 db
Calibration 70 (V) *1.5 4B (relative)
Resolution Cell 26 a across track X 30 a along track (at 450)

K-band Radiometer

Frequency 19.4 Giz I
Polarization HI

Incidence Angle 450
Resolution Cell 47 m across track X 80 m along track
Radiometric Calibration ±1.5 Ki

X-band SAU

Radar Description: Fully focussed Synthetic Aperture Radar

Data Acquisition

Altitude Ground Speed Swath Width Incidence Angle
Range

3048 a 270 no/h OPt 5.2 km slant range 10°-680
DIG 6.0 km slant range io-70

°

Channel Characteristics 
I

Frequency 9.35 Giiz
Polarization HH . NV
Resolution 3 m slant range X 3 a azimuth I
Noise Equivalentc o -21 dB
Radiometric Resolution Dependent on area averaged in I look image

Recording Optical and Digital I
suits for multivear ice are not as well matched as the first- flector viewed against a sky background. During the June
year ice signatures. The differences in multiyear inci- 22 measurement period such a calibration was performed. Idence angle dependence shown in Fig. 4 lie within the Since the absolute calibration of the CV-580 fan beam
floe-to-floe multiyear ice variability range observed by the scatterometer is a more difficult task and has been partly
CV-580 scatterometer along the data acquisition line and based on indirect measurements, the 4-dB offset shown in
are believed to be real differences in floe signatures. Fig. 4 is accepted as an absolute calibration error until I

The Heloscat system, being a pencil beam scatterome- more evidence is available. In the remainder of this paper,
ter. is readily calibrated by means of a standard radar re- the addition of 4 dB to the CV-580 results should yield I

i l I I I J I I
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Fig, 4, 13.6-GHz Feloscat and 13.3-GHz CV-580 scatterometer HH-po-larized scattering cross sections for similar ice based on June 22, 1982
data acquired in the floe f experiment site. Fig. 5. Digitally processed. slant-range corrected. 9.35-GHz HH-polar-

ized SAR image of the floe I experiment site and surrounding area. June
22, 1982. The SAR incidence angle scale is marked in degrces at the

the equivalent Heloscat Ku-band results to within the con- right-hand side of the image. The floe I complex is enclosed in the dashed

white line and the CV-580 scatterometer track is marked by the solid
fidence of the foregoing test (± 1.5 dB). white line.

IV. OBSERVATIONS AND DATA ANALYSIS All high-return surfaces were either saturated snow or
A. Microwave Signatures of the Floe I Experiment Site wet bare ice. The lowest 9.35-GHz radar returns along

On June 22, the ice in the floe I experiment site was the profiling sensor line correspond to
covered with snow whose surface was dry over most of 1) The southern boundary of the high-return inelt fea-
the experiment site. Notable exceptions to this were ture corresponding to Fig. 3, feature 6:6 ± 2 dB

1) Melt features on the northern half of floe I that were lower than the reference.
visible as saturated snow surface (features 5 and 6) 2) The old multiyear floe near floe I corresponding to
and the other dotted boundaries in Fig. 3. Fig. 3. feature 7: 7 + 2 dB lower than the reference.

2) Small areas of saturated snow in some melt pond All the low-return SAR image areas, as well as the ref--- bottoms on the southern portion of floe 1.3) Some areas of wet, windswept. first-year fast ice erence surface along the profiling sensor line in Fig. 5,
3)Some ares pofi wensr winwept, irsot-e fat ie are snow covered and have a visibly dry surface. The low-
along the profiling 'nsor line south of floe 1. est radar returns in this part of Fig. 4 are generated by

Fig. 5 is a digitally picessed ground-range-corrected ridge boundary snow drifts on the old multiyear floe des-
9.35-GHz HH-polarized SAR image of the floe 1 exper- ignated as feature 7 in Fig. 3.
iment area and contains the features identified in Fig. 3. The dynamic range of a' at 9.35 GHz and 430 inci-
The scale at the right-hand side of the image is the SAR dence angle (as inferred from Fig. 5) is 15 + 2 dB.
incidence angle. Where the Heloscat line crosses the southern boundary

Although the CCRS SAR is not a calibrated radar, rel- of floe 1 (51 a incidence angle in Fig. 5) the old multiyear
ative scattering cross sections within a single digitally floe in floe 1 yields radar returns that are 4 + 2 dB smaller
processed scene can be measured at constant incidence than those from the adjacent first-year fast ice. The higher
angle to within ±2 dB. return areas within this old floe have been identified as

In Fig. 5, the CV-580 profiling sensor line lies along melt pond bottoms with wet snow surfaces and occasional
the 430 incidence angle contour in the SAR image thus hummock tops.
permitting surface feature contrast measurements at both Table 11 summarizes the CV-580 13.3-GHz scatter-
9.35 and 13.3 GHz at that incidence angle. Following this ometet and radiometer results for the floe I experiment
line and using the floe 1 young multiyear ice as a refer- area. Data blocks 31 to 42 are identified in Fig. 3 and in
ence (Fig. 3, feature 3), the highest 9.35-GHz radar re- the preceding discussion. Data blocks 44 and 45 represent
turns correspond to different surface conditions found in the first-year fast ice

1) The first-year ice at the southern edge of floe 1: south of floe 1.
3 ± 2 dB above the reference. As expected. the presence of surface water has a strong

2) The melt feature corresponding to Fig. 3, feature 6: influence on the 19.4-GHz brightness temperature and
7 ± 2 dB above the reference. thus in Table 11 visibly wet ice or snow surfaces yield

3) The interstitial first-year ice along the northern brightness temperatures below 240 K and visibly dry sur-
boundary of floe I and the southern boundary of data faces have brightness temperatures greater than 255 K.
block 31 (Fig. 3. feature 7): 8 ± 2 dB above the Simultaneous 18.7-GHz surface radiometer scans of the
reference. Heloscat line gave "dry-surface" brightness tempera-

I
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TABLE II

FLOE I IcE-TYPE SIGNATURES FROM CV-S80 PROFILING SENSOR DATA 1
Data Type Ts at a OHM 1n dB at 13.3 Gfz for Incidence Angle

Block 19.4 G~i 8 150 250 350 450 550

(K) 3

31 N Dry 260.2±-0.6 -8.5±.7 -12.2±.4 -14.7±.7 -16.2±.8 -18.2±1 -21.3±.8

37 N Uet 220±2 -8.(',2 -10±1 -13.5±1.2 -15.3±1.2 -17.3t.8 -20.7±1.2 1
39 K Wet 234*2 -7.3±1.1 -10±1 -13.0±1.2 -14.7±1.1 -16.8±0.8 -19.7±1.2 I
42 M Dry 259±1 -8.8W.8 -12-0.7 -14.2±0.7 -15.80.8 -17.8t0.8 -20. 50. 8

44 F Wet 2o~±4 -5.1±-0.4 -8±0.4 -11.9±0.4 -14.4to.5 -16.8j-0.5 -19.7±0.63

45 F 2 Dry 258±1 -8.0±0.4 -10±0.5 -11. 80.6 -13.6±0.6 -15.7±,'0.6 -18.8±0.8

The standard deviations In this table are measures of the radiometric and scatterometric I
textures of the data samples and do not include the Instrument calibration uncertainties.

The absolute calibration of the radiometer uaed may be in error by as much as 6K. 3
tures in the 250- to 260-K range and "wet-surface" overflights [251, [91. Surface roughness distributions are
brightness temperatures as low as 220 K (Grenfell and unfortunately not available. In the second case, the ratio
Lohanick in [261). a' 13.3 GHz/aO 9.35 GHz is proportional to 3

One of the most notable features of Table II is the small (9.35/ 13.3) 4 if the majority of the scattering originates
range of HOHH (45) observed at 13.3 GHz (2.5 ± 1.6 in millimeter-scale water-coated ice crystals in the snow
dB) when compared to the 9.35-GHz SAR image contrast cover.
range 15 ± 2 dB for the same ice. The 10-GHz extinction coefficients reported by Gren- 3

Fig. 6 presents data acquired along the Heloscat line on fell and Lohanick [9] for the floe I area were 4 m- 1 for
June 22. The Heloscat data in interval 1 corresponds to "damp" snow and 20 m- 1 for "wet" coarsely crystal-
the fast first-year ice south of floe 1 and thus o°HH (500) lized snow on June 22, 1982. Qualitative descriptions of I
at 9.6 GHz for this interval, - 16 ± 2 dB, provides a SAR snow wetness variations with depth [26] state that the 1
image intensity calibration point near the floe 1 boundary. snow was damp at the upper surface and water-saturated
The Heloscat contrast between the tast first-year ice and (slush) at the snow base. No quantitative snow-wetness 1
the old multiyear ice of floe 1 (3 ± I dB) is comparable profiles are available; however, simple model calcula-
to the observed 9.35-GHz SAR contrast (4 ± 2 dB) at tions based on a linear increase in the extinction coeffi-
the same point. cient with snow depth and a water-saturated snow base

Assuming that the first-year fast ice in interval 1 is sim- give X-band radar return losses greater than 30 dB for 20- 3
ilar to that seen by the SAR and the CV-580 scatterometer cm snow depths (also commonly reported by surface par-
near the floe 1 boundary; the 9.6-GHz cr* (390) data, - 15 ties). The observed radar returns at 9.35 and 13.3 GHz
± 2 dB, provide a o calibration for the SAR contrast from snow-covered areas, thus, contain negligible contri- •
sequence presented previously. This calibration was ap- butions from the underlying ice and originate within the
plied to SAR data along the CV-580 profiling sensor line, upper layers of the snow cover.
and the CV-580 scatterometer data was offset to match the U
13.6-GHz Heloscat calibration and produce the entries in B. General Characteristics of the Crozier Channel Pack 3
Table II. Because of uncertainties in the gain stability of Ice from the June 22 CV-580 Data Set
the SAR, analysis was restricted to data collected within The X-band SAR imagery covered an 8-km swath near
12 km of the reference point, the center of the channel (Fig. 2) and the low-altitude

Table III examines two hypotheses, 1) returns from bare large-format photography yielded a 0.68-km-wide strip
ice are the result of scattering from rough surfaces and 2) mosaic along the SAR image 43' incidence angle con-
returns from snow-covered areas are the result of Ray- tour. Both the SAR image and the photography contain 3
leigh scattering within the snow cover. In the first in- representative samples of the radar-identifiable ice types
stance, the scattering cross sections are independent of in the channel. North and east of Manson Point (Fig. 1)
radar frequency over the 9.35 to 13.3 GHz bands given the composition of the ice pack is very similar to that re- 3
the cm scale roughness elements reported on the bare ice ported by Hollinger et al. 1131 for the previous fall. i
surface on and near floe I at the time of the CV-580 From the photography it was seen that the snow drifts

... .. i
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Region I is the first-year fast ice south of flow 1. Regions 3 to 6 corre-
spond to the old multiyear floe in floe I. Region 7 is the first-year leadI between the two parts of floe 1.

TABLE III
CV-580 SARISCATTEROMETER SIGNATURE ALONG THE PROFILING SENSOR

_____ ____ ____ _____ ____ ___LINE_

Feature Instrument Raw Data Scatt Cal. Rl ative Rayleigh Corrected
Designation and Frequency 03 Correction a HR Adjustment 0O3

CBGS da dl dB dl da

First year

fst Ice 9.35 SMR -16±2 -16.t3.5 -16±3.5
(DaTablock 65) 13.3 Scat -15.±*3.1 +4±1.5 -11.7±4.6 -6 -17.7t4.6

Young MlY ice 9.35 SAR - 81±4 -I8±5. 5 -18±5.5
Figure 3,

feature 4 13.3 Scat -17.8t3.3 +4±1-5 13.8±4*6 -6 -19.8±4.8

MlY ice melt
feature 9.35 SMR -It± -11±5.5 -11±5.5

Figure 3 14/A
feature 6 13.3 Scat -16.3*3.3 4±1.5 -12.8±4.8 -12±4.8

Low return near 9.35 SMR -2414 -24±5.5-2±
Figure 3

feature 6 13.3 Seat -21.8±3.3 44±.5 -17.8±4.8 -6 -23.8±5.5

Bare FY Ice 9.35 SMR -10t4 -10±5.5 -10±5.5
At northern NIA

Floe I
Boundary 13.3 Scat -14±3.s 44±1.5 -10±5.0 -10±5.0

Figure 3
Ieature 7 9.35 SMR _25±4 -25t5.5 -25±5.5

Data block 31 13.3 Scat -18.2*3.5 +4*1.5 -14.2±5.5 -6 -20.2±5.5

on the fast ice at the southern end of the line were gen- near the southern end of the line and a few of the rough
erally smaller and more uniformly distibuted than those multiyear floes had damp patches in melt pond areas. No
in the interstitial first-year ice contained within the pack open water ponds were detected. Photographic data shows
or those on the fast ice at the northern end of the line. The the southern area to be at a more advanced stage of meltrn bare ice was frequently visibly wet, especially at the than the northern area.
southern end of the line. Some melt features (saturated Fig. 7 shows typical samples of optically processed

snow surfaces) were visible on smooth multiyear floes 9.35-GHz HH-polarized SAR imagery progressing from
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stitial first-year ice. feature B. in Fig. 7(b). yields a
slightly smaller average radar return and a coarser, more
pronounced image texture. The interstitial first-year ice,
feature C in Fig. 7(c), produces approximately the same
average radar return as feature B, but has a coarser, less

...." . .. ,pronounced image texture. The interstitial first-year ice,
feature D in Fig. 7. is characterized by the lowest average
radar returns of the four groups.

In the first-year ice regions, the high radar returns are
produced by regions of bare ice and regions with saturated

(a) Southern consolidated pock limit showing Floe I experiment area
Fats A iiiee - p-0 , F . ,, snow cover. The low return elements are snow drifts

6 Ti .......W '-- whose surfaces are visibly dry. The dynamic range of the

radar returns associated with first-year ice texture ele-
ments frequently exceeded 10 dB locally (within a 200-m

.. radius).
The multiyear ice radar returns vary widely with the U

'-,, .. extremes being represented by an old multiyear floe, Fea-

.,.. . ture G in Fig. 7(a) and the high return patches in the
- younger multiyear portion of the same floe (feature F)-

Many multiyear floe image texture elements varied over
a moderate (6-dB) local intensity (radar return) range and
were related to large-scale topographic features such as

(h) Centrol consolated pock area of the CVWO data acquisition line ridges, hummocks, and melt ponds. The boundary snow
Features v....i............. 0o i,.in -si,,wei &... " drifts skirtirg the large (6-m-high) ridge on the right-hand

side of floe 2 (Fig. 7(c), feature 1) and the ridge boundary
drifts on the old multiyear floe identified as feature G in

... Fig. 7(a) produce radar returns that are 3 to 6 dB lower
than the surrounding materials. The saturated snow sur-
faces in the melt pond bottoms on floe I (Fig. 7(a). fea- 3

. . ... .. . .. .. . ture E) produce radar returns that are 6 dB higher than 3
I-I the surrounding area.

Some multiyear floes, for example the floe above and
to the right of feature D in Fig. 7(b), were characterized I
by gradual variations in radar reflectivity near the floe

(c)Northiern easoidated pock limit near intreid Chamnel,showing Floe 2 boundaries and by low return zones exterior to the floe
Far c--c.'x.Ai rwa, .,, boundaries. These radar signatures are not obviously cor-

Fig. 7. Segments of the optically processed slant range 9.35-GHz HH-po- related with the floe topography or with surface melt fea-
larized SAR image of the Crozier Channel acquired on June 22. 1982. tures and are believed to be the results of spatial variations
(a) is the floe I experiment site and surrounding area. (b) is the central of free water content and/or scatterer distribution within
region of the SAR line. (c) is the floe 2 experiment site and surrounding the snow volume. 3

Uncer the conditions found in the experiment area on
the southwesterly to the northeasterly ends of the study June 22, there is no simple consistent 9.35-GHz HH-po-
area. The pronounced radar antenna pattern effects visible larized radar signature that can be used to unambiguously 3
in the imagery were a result of the relatively low scatter- assign ice type from radar imagery spanning the incidence -
ing cross sections of the ice (at 9.6 GHz the multiyear ice angle range of 0' to 67 ° . As was the case in the floe I
a°HH was 8 dB lower than winter values [251 coupled experiment area, the 9.35-GHz radar signatures over the 3
with the radar operating parameters selected to maximize entire Crozier channel are determined by the state of the U
the SAR linearity. exposed surfaces and by conditions within the snow cover.

A general overview of Fig. 7 shows that the scattering There is evidence in the SAR images for the presence of
cross-section inversion reported by Hawkins et al. 1101 warmer wetter conditions at the southwesterly end of the
had already occurred in this area in that the high-return experiment area and for the presence of colder dryer con-
(large a°HH) regions are predominantly on first-year ice ditions at the northeasterly end as was noted previously
and the low-return regions (small o°HH) are often found from the photographic record.
on multiyear ice. The profiling sensor data for the entire flight line was

Four distinct first-year ice image intensity and texture analyzed to determine the scattering cross section and
signatures are found in Fig. 7. Southern fast ice, feature brightness temperature statistics. Five ensembles (data
A, at the left of Fig. 7(a), produces a large average radar
return and a very fine-grained image texture. The inter- 'See Section IV-A for detailed discussion. I
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fig. 8. CV-58) 13.3-G~z o'HH distributions at 45' incidence angle for

the Crozier Channel profiling sensor line.

clusters) were identified in terms of ice type and surface the colder dryer end of the experiment line and FY2 data
conditions. The relative frequency distributions of u°HH blocks are primarily found at the warmer wetter end of
(450) for these are presented in Fig. 8. The distributions the experiment line. The CV-580 profiling sensor feature

do overlap on the u°HH axis, do not appear to be Gaus- space results. Tables III and IV, show that the FYI sig-
sian and, in some cases, are slightly skewed. natures are statistically indistinguishable from the multi-

The corresponding feature space is shown in Fig. 9 as year dry surface cluster. The FY2 cluster is a statistically
cluster unit standard deviation elipsoid projections onto independent entity.
the coHH (450), EH (450) plane (Fig. 9(a)) and onto the Combining the profiling sensor feature space data with

a°HH (450), a°HV (450) plane (Fig. 9(b)) as well as the SAR image data in Fig. 7 and the results from the floe
or°HH(0) curves (Fig. 9(c)). Tables IV and V summarize 1 experiment site analysis in Section IV-B we find
the data of Fig. 9(a) and (b) in terms of feature space 1) The first-year and multiyear wet surface clusters of
cluster centroid coordinates, cluster centroid separations, Fig. 9 are statistically indistinguishable in both 13.3-GHz
and separation uncertainties. HH and 9.35-GHz radar reflectivity at 430 incidence an-

Of the five clusters displayed in Fig. 9 and Tables III gles, and their scattering cross sections are independent
and IV, four are identifiable from the photography. The of frequency to within experimental error. The results are
high-emissivity clusters (brightness temperatures from compatible with surface scattering from rough reflective
240 to 270 K) correspond to first-year and multiyear ice surfaces.
that was predominantly snow covered and had a visibly 2) The FY2 and multiyear ice dry surface ice clusters
dry surface. The low-emissivity clusters (brightness tem- are separable in both the feature space and the 9.35-GHz
peratures from 200 to 240 K) correspond to first-year ice SAR image. In both instances the calculated values of
and multiyear ice that was either snow-covered or bare aHH at 9.35 and 13.3 GHz differ by 6 dB to within ex-
and had a visibly wet (saturated) surface. perimental error and are compatible with Rayleigh scat-

Neither of the two distinct first-year ice clusters, FYI tering from a thick lossy medium.
and FY2, found in the high-emissivity group is unambig- 3) When 9.35- and 13.3-GHz uHH measurements are
uously identified as a subclass from the photographic compared for the FYI cluster, it is seen that this group
record; however, FYI data blocks are primarily found at  also is compatible with Rayleigh scattering.

I
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10o-: TABLE IV

.. FEATURE SPACE CLUSTERING OF ICE CLASSES AT 450 INCIDENCE ANGLE

- Ic- Type Eaissivity O °HN (dB) oHV dB)

- MULTI-YEAR ICE. (cluster)
I 'DRY' SURFACE
* --- MULTI- YEAR ICE, MY Wet 0.79 ± 0.04 -17.6 0.9 -26.3 ± 1.3

'WET'SURFACE
04- 1 . FIRST-YEAR ICE 0
0?- TYPEIDRYSURACE FY Wet 0.79 ± 0.03 -17.3 : 1.7 -25.6 " 1.2

"FIRST-YEAR ICE.
TYPE2.,DRY'SURFACE MY Dry 0.94 ± 0.02 -18.9 + 1.2 -27. 1.3

-.. .FIRST -YEAR IC E:WET'SURFACE
07- F YI Dry 0.95 't 0.0' -19.1 ± 1.1 -2 7.0 2t1.3 I

FY2 Dry 0.93 ± 0.02 -16.4 t 1.1 -25.1 t 1. 3
--20 * -,o TABLE V m

L E A .E FEATURE SPACE CLUSTER SEPARATION OF ICE CLASSES AT 45' INCIDENCE 3
(a) 

ANGLE

Class Cluster Centroid Separation
-10- Comparison Separation Uncertainty

Wet MY-FY 0.71 ±1.31

7 Dry NY-FYI 0.15 ±1.32

Dry Y-FY2 3.24 Ml.98

FYI Ory-FY Wet 3.28 0.74

4 FY2 Dry-FY Wec 2.15 ±O.36

20 - MY Dry-Wet 2.60 *0.4,

did not start until June 26. In the intervening period, the

-- ..... ... Crozier Channel ice surface was subjected to an extensive
.40 . ,,,.., ,3, melt cycle that removed much of the snow, flooded the

POAIZATION OIVERS"0 PANE ice surface, and transform ed the m icrow ave signatures of

the surface to those reported previously f l I for decaying
summer ice.

-. To illustrate the dramatic sea-ice signature changes as-
_ ,sociated with the melting process June 22 CV-580 data

-- ,are compared with June 26 Heloscat and surface charac-
, '.1 terization data.

S - ..Fig. 10 is a map of the floe 2 experiment site derived
i ., -from CV-580 June 22 SAR images. July 7 high-altitude

b -- . photography and from surface characterization team low-
,- altitude photography. Floe 2 is composed of multiyear ice

of various ages and is similar in structure and surface to- 3
pography to many multiyear floes seen in the Beaufort Sea I

o 20 40 s0. -"CID( ANGLEpack ice. The two most prominent surface features are a
DE)PENNCE large (6-m-high) multiyear ridge (Fig. 10. feature 4) and10) a large hummock (Fig. 10, feature 6). Both of these lay

Fig, 9 Ice signature feature space derived from the June 22 CV-580 pro- on the Heloscat line and were investigated by surface
filing sensor data set. (a) Cluster unit standard deviation contour projec-
tions onto the 19 4-GHZ -, (45"). 13-3-GHz oOHH (450) plane. (b) characterization teams. m
Cluster unit standard deviation contour projections onto the 13.3-Glz On June 22 the ice surface in the vicinity of the profil- |
arHV (45). 13.3-GHz o°HH (450) plane. (c) The dependence of 13.3- i sensor line was snow covered and had a v lGHz o0HH on incidence angle. ing sesrln a nwcvrdadhdavisliy dry'

surface with no melt features. The CV-580 profiling sen-

The difference in feature space position of the FYI and sor microwave signatures. Table VI. show no significant 3
FY2 classes is believed to indicate differences in scatterer difference in o°HH(O) between floe 2 and the surrounding

size distribution and snow-cover moisture distribution for first-year ice. Both adjacent first-year-ice data blocks be-

the two classes, long to the FYI class discussed in the previous section. 3
The June 22 9.35-GHz SAR image corresponding to

C. The Melt Transition at the Floe 2 Experiment Site Fig. 10 may be found in slant range form in Fig. 6(c). In

The floe 2 experiment site was imaged by the CV-580 this image. floe 2 is feature I. Note that the internal corn-
SAR and measured by the CV-580 profiling sensors on position of the floe is not visible in this image. The pro-

June 22. 1982. Surface characterization studies of this area filing sensor line follows the 420 incidence angle contour

I



184 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. GE-25. NO 2. MARCH 1987

TABLE VI
FLOE 2 ICE-TYPE SIGNATURES FROM CV-580 DATA

Data Type Ts T
B  o °HH IL 13.3 GHz for Incidence A.X,'Iin dB

Block (
0
c) (K) 80 15" 250 350 450 55I

49 F Dry 1 0.8±0.2 250 ±0.7 -9.0 ±0.7 -13.4±0.8 -16.5±0.9 -18.9±1.0 -20.1±0.8 -24.2+1.2

50 M Dry 1.0±0.1 256.5±4.3 -9.2 ±0.9 -13.2±0.9 -16.2±1.0 -18.3±0.7 -19.5±0.9 -22.61-0.7

51 F Dry 1 1.1±0.1 260.6±1.5 -10.1±0.6 -13.7*O.5 -16.0±0.6 -17.1±0.6 -19.O0 .6 -21.8±0.7

June 22 are totally dominated by the snow cover at both

. .13.3 and 9.35 GHz.
. .................... In the four-day interval between the CV-580 overflight

.and the June 26 surface characterization studies at floe 2
most of the snow cover melted. Surface study teams found

5- .0 to 5 cm of saturated snow remaining on the higher
drained areas of floe 2, up to I m of saturated snow along

1Froe2,ridge skirts and open melt ponds up to 17 cm deep. In
FLOE 2 many areas cm scale size ice crystals were found on or, •• .. , - ( )near the snow surface. Scattering cross sections from the

June 26/82 Heloscat line are summarized in Fig. 11, 330
incidence angle a°HH variation with frequency, and Fig.

i LOC'- T 2INE 12, incidence angle dependence of a°HH at 9.6 GHz." HELOSC.AT LINE

(N\ As was expected from the saturated surface condition
, reported, only surface scattering phenomena are present

U, E 22ir2 -year ice surfaces are scatterometrically indistin-
CVMOPO1LING /7and first-ya r ~~III1a~IyIzz~~SE.SOR LINE guishable from multiyear ice surfaces. In Fig. 11 it is seenthat the scattering cross sections of all ice vary by no more

.... BLcv K o.ocx 51 -,1I ICE than 3 dB from 4.5 to 13.6 GHz. This result is compatible
(cvaom.ocx 50 .MTI.YEAR with scattering from a moderately rough reflective sur-
OCv560 BLOCK 49 FRST-YEaA ICE face. Fig. 12 shows that the 9.6-GHz scattering cross sec-

(LARGE tm)PRESSURE RIoE tion varies rapidly with incidence angle (18 dB change
@SURFACE TRUTHUSE CAMP from 50 to 33").

LARGE HUMMOCK Although no X-band incidence angle dependence data
(C®ORAO *SHORE FASTFY ICE is available for wet bare ice in the June 22 data set 1. it

Fig. 10. Floe 2 experiment site map derived from X-band SAR data and is instructive to note that the minimum reported 9.6-GHz
photographic images. u*HH for the June 26 data set, - 15 dB, at 330 is smaller

than the - 14-dB o°HH at 430 incidence angle estimatedS through the SAR image and along this line the first-year from the June 22 9.35-GHz SAR image for a patch of wet
ice to multiyear ice contrast at 9.35 GHz is 3 ± 2 dB. bare ice near floe 1.

When the SAR image intensity is translated into an ap- A comparison between the June 26 13.6-GHz Heloscat
proximate o'HH value for 9.35 GHz at the 43* incidence results at 330 incidence angle, Fig. 11 and the June 22
angle using the floe 1 Heloscat/SAR cross correlation, 13.3-GHz CV-580 scatterometer measurements at 35' in-
the resulting values are -20 ± 3 dB, -21 ± 3 dB, -23 cidence angle, for scattering regions with wet surfaces
± 3 dB for Fig. 10, features 1, 2. and 3, respectively, shows the June 26 results to be approximately 4 dB lowerI When these results are compared to o*HH (450) for the than their June 22 equivalents when the relative calibra-
corresponding scatterometer data blocks; (51, 50, and 49, tions of the two scatterometers are taken into account.
respectively) from Table VI, and when the CV-580 13.3-

I GHz scatterometer data are corrected for the relative He- V. SUMMARY AND CONCLUSION
loscat/CV-580 scatterometer calibration, the signatures of
all samples are consistent with Rayleigh scattering from On June 22, 1982, the ice and snow in the Crozier
a layer whose thickness exceeds its penetration depth [171. Channel was near the onset of melt. The snow cover wasI Combining this result with the undetectability of the con- saturated at the snow-ice interface, was extensively re-
stituent floes within floe 2 in the SAR image suggests that crystallized throughout the snow volume, and was opaque
the scattering processes in the floe 2 experiment site on to radars operating at and above 9.35 GHz. Investigations
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' o°HH(O) values approximately 3 dB less than; and 19.4-
,o0 GHz brightness temperatures approximately 7 K greater

5L than the FY2 class. Differences in snow-grain transfor- l
mation stages and snow-cover moisture profiles are be-

or- * Muti -Year Ice lieved to be responsible for these microwave signatures.
-5- +Firs-Yrce No measured combination of scatterometric and radio-

metric signatures could be used to uniquely classify ice
,, type over the entire experiment area although in some re-
b " gions many multi-year floes had distinctive depressed

2°HH signatures at 9.35 GHz due to secondary (snow
2-z thickness/snow recrystallization/snow moisture distribu-

-30- tion) effects.

i I IThe period of extensive surface melting between June
-4 6 S ,0 1 14 is 22 and June 26, 1982 resulted in a marked transformation

Frequency tGHt) in the microwave scattering signatures of the ice surface.
Fig. I. Variation of Heloscat backscattering cross section at 330 inci- By June 26 only surface scattering phenomena were ob-

dence angle with frequency, near floe 2, June 26. 1982. served over the frequency range of 4.4 to 13.6 GHz. The I
frequency dependence of o°HH on June 26 suggests that
the surface roughness at this time was somewhat reduced

,o- from that characteristic of bare ice-surface scattering re-
5- m...,Yo.,Ice gions measured on June 22. Further smoothing of ex-- I # €First -Your toe

0u o- posed surfaces due to continuing ablation was reported in
- , 5 an analysis of July 7 SAR data [141. 1

a -X- In the June 26 data set first-year ice scattering cross
sections were indistinguishable from multiyear ice scat-

- tering cross sections. 3
.-, Although the area measured in this experiment is small

when compared with a satellite radiometer footprint, the
-30. icomplex dependence of 19.4-GHz emissivity on the snow
-3 ,Or 2Lo 3o0 4 0 50 properties and moisture distribution observed here should

Angle togrtee) be accounted for in any modeling effort aimed at under-
Fig. 12. Variation of Heloscat 9.6-GHz backscattering cross section with standing radiometric summer ice signatures as was sug-

incidence angle. near floe 2. June 26. 1982. gested by [5]. Some of the specific observations made in
this experiment indicate that snow depth may be less im-

of the HH-polarized scattering cross sections at 9.35-, portant than free water distribution in determining the op-
9.6-, 13.3-, and 13.6-GHz combined radar and surface tical thickness, and thus the impact, of the snow cover on
characterization data to show that the differential scatter- microwave signatures.
ing cross sections measured in the X- and Ku-bands could During the melt onset period characterized by the June
be adequately explained (to within experimental error) in 22 data set, the use of X-band SAR imagery to classify
terms of two simple models: ice types is becoming problematical. The familiar ice- I
1) For saturated snow and wet bare ice surfaces a°HH type/image-intensity signatures characteristic of cold-

measurements at X- and Ku-bands are compatible with season sea-ice imagery have been replaced by surface
each other under the assumption of surface scattering from roughness and snow-cover-dominated sigratures that are
a rough surface. not consistently related to ice type. During this part of the I

2) For snow-covered areas with dry surfaces oOHH melt cycle large multiyear floes can often be identified by
measurements at X- and Ku-bands become compatible floe shape signatures, but the probability of misclassifi-
with each other under the assumption of Rayleigh scatter- cation is becoming large and floe-like shape patterns that I
ing from a thick opaque layer. are simply surface wetness patterns are sometimes found.

The 19.4-GHz radiometric signatures of the Crozier As melt progresses, ice classification from SAR signa-
Channel ice sheet were very sensitive to the presence of tures becomes progressively more difficult until, during I
surface water and the visibly wet areas where surface periods of extreme surface wetness [141, [111 SAR data
scattering was dominant at X- and Ku-bands were radi- at any radar frequency above and including L-band cannot
ometrically colder (by more than 20 K) than the surround- be used to obtain reliable ice-type classifications.
ing ice.
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Evolution of Microwave Sea Ice Signatures During Early Summer
and Midsummer in the Marginal Ice Zone

R. G. ONSTOTT,' T. C. GRENFELL,2 C. MATZLER. 3 C. A. LUTHER,' AND E. A. SVENDSEN 5

Emissivities at frequencies from 5 to 94 GHz and backscatter at frequencies from I to 17 GHz were
measured from sea ice in Fram Strait during the Marginal Ice Zone Experiment in June and July of 1983
and 1984. The ice observed was primarily multiyear; the remainder. first-year ice, was often deformed.
Results from this active and passive microwave study include the description of the evolution of the sea
ice during early summer and midsummer: the absorption propenies of summer snew: the interrelation-
ship between ice thickness and the state and thickness of snow: and the modulation of the microwave
signature, especially at the highest frequencies, by the freezing of the upper few centimeters of the ice.

INTRODUCTON understanding of the emissivity and reflectivity characteristics
Active and passive microwave remote sensing of sea ice of the various ice types and that to understand the electro-

offer the potential of obtaining synoptic data of large expanses magnetic characteristics requires the understanding of sea ice
of remote, ice-covered oceans under all weather conditions physical properties.
irrespective of the amount of solar illumination. This is of Intensive measurement of summer sea ice signatures were
particular importance for Arctic applications where much of made in Fram Strait during June and July of 1983 and 1984.
the polar ice canopy is under clouds or in darkness. These data were acquired during participation in the Marginal

Numerous late winter and spring experiments have con- Ice Zone Experiment (MIZEX) [Johannessen and Horn, 1984],
centrated on the ability to classify ice types, to detect scientif- a multinational interdisciplinary effort to study the air-sea-ice
ically interesting features, and to describe ice field kinematics interaction processes in the transition region where the pack
and dynamics. Efforts also focused on a determination Li opti- ice meets the open ocean. An objective of MIZEX is to define
mum frequencies, polarizations, and incidence angles and on the geophysical processes which govern these interactions and
the development of algorithms for extracting geophysical pa- to understand how these interactions influence ice edge lo-

rameters from sea ice imagery. Campbell et al. [1975], Ram- cation, ice morphology, ice sheet deformation, and ice band
seier and Lapp [1980], and Livingstone er al. [1981] conclude formation.
their studies by stating that many features, including ice types, This paper presents a comprehensive discussion of the
ridges and roughness features, lead and polynya formations, summer microwave signatures of the major classes of Arctic
and icebergs, have distinct signatures which are observed sea ice in the marginal ice zone (MIZ) and their relationship
using active and passive microwave sensors. They also present to snow and ice physical properties. The discussion begins by
the hypothesis that a combination of multifrequency, active examining winter and spring signatures using data from pre-
and passive (microwave and millimeter wave) sensors is es- vious experiments. Electromagnetic interaction arguments are
pecially valuable for extracting information about the state of developed to describe the effect of summer metamorphosis on
the ice. They present the hypothesis that emissivity and back- sea ice signatures. The discussions provided may also be ex-
scatter are influenced by different aspects of the sea ice struc- tended to include sea ice scenes found in other regions.

ture and that the relationship between microwave frequency
and penetration depth may be exploited robustly.

The more limited experimentation by Gray et al. [1982],
Onstott et al. [1982], Onstott and Gogineni [1985], Grenfell and Frozen sea water, sea ice, is a lossy dielectric. It consists of
Lohanick [1985], and Lohanick and Grerfell [1986] during the pure ice, liquid brine, and air. Snow blankets the top of this
summer melt period illustrate the extreme difficulty in detect- low-density solid. During winter, the microwave signatures of
ing and classifying sea ice features when surface conditions the desalinated multiyear ice are clearly different from those of
change rapidly. They concluded that use of microwave sensors the saline first-year ice. The situation in summer is more com-
to classify sea ice type and features unambiguously requires plex, this is the time of desalination, of melting snow and ice,

of melt pool formation, and of the melt-and-freeze cycling of
the upper surface. Microwave signatures track these meteoro-

logically induced melt-and-freeze cycles.Radar Science Laboratory. Advanced Concepts Division, En- Important in remote sensing science is how the electrical
vironmental Research Institute of Michigan. Ann Arbor, Michigan. and physical properties of snow and ice are modified as they

2 Department of Atmospheric Sciences. University of Washington.
Seattle. experience summer melt. The physial parameters which influ-

, Institute of Applied Physics. University of Bern. Bern, Switzer- ence the microwave observables are snow wetness, snow grain
land. size, snow density, and snow and ice roughness. Sensor pa-I Office of Naval Research. Arctic Sciences. Washington. D. C. rameters. such as wavelength, polarization, and incidence

Geophysical Institute and Nansen Ocean and Remote Sensing angle, also influence the intensity of backscatter and emission.
Center. University of Bergen. Solheimsvik Norway. In the microwave and millimeter wave region the electrical

Copyright 1987 by the American Geophysical Union. properties of dry snow (a mixture of ice crystals and air) are

Paper number 7C0197. approximately frequency independent. Following Matzler
0148-0227/87/007C-0197505.00 [1985], who summarizes the results of many investigations.
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TABLE I. Brief Summary of Ice Descriptions During MIZEX 1983 frequency components of swell are greater in amplitude, and

and 1984 floes are further reduced in size. often into patches of small.

Ice Snow Snow Ice Ice similarly sized floes. During MIZEX. sea ice was investigated

Thickness Thickness Thickness Salinity in Salinity in throughout the region from the edge of the central pack to the

Ice Range. Range. Average. Top l0cm, Top4Ocm, extreme ice margin. It is worth noting that our observations
Type* cm cm cm %0 %. show that ice and snow conditions at sites close to the edge of

the pack and ice in the interior of the MIZ are similar.
Y 17--536 3-60 0 0--I I-1 Most of the ice in the MIZ has experienced dynamic forc-TFY 175-236 2-20 10 1-4 4-5 m

MFY 90-120 2-14 6 1 2-3 ing. which increases surface and subsurface topography as well

ThFY 38-70 2-6 4 3-4 4-5 as floe thickness prior to entering Fram Strait. Deformed ice is
found in the form of pressure ridges and rubble. each of which

*See text for explanation of abbreviations. has its own roughness scale. Ice may also have regions of

surface and subsurface meltwater pools and areas of flat ice
the real part of the dielectric constant expressed as a function and mounds. The microwave properties of these diverse scenes
of snow density is may be equally varied.

The major summer sea ice forms found during June and
1dr (I - (1) July included (1) multiyear (MY) ice which has survived at

( -least one summer's melt and typically has a thickness greater

In (1). p is the density of dry snow in kilograms per cubic than 2.5. (2) thick first-year (TFY) ice which began growing
meter. Three important notes are as follows: (I) freshly de- early in the season and attains a thickness greater than 120

posited snow quickly attains a density of at least 330 kg m- 3, cm. (3) medium first-year (MFY) ice which began growing
(2) during MIZEX, densities in the dry surface layer were later in the growing season, reaching a thickness of 70-120 cm,

about 400-500 kg m- I for old snow and less than 100 kg m- ' and (4) thin first-year (ThFY) ice which began growing late in
for new snow, and (3) the density of pure solid ice is 916 kg the season and has a thickness of 30-70 cm.
m- 3. Floe size ranged from small, a horizontal extent of 20-100 I

The imaginary part of the complex dielectric constant is m. to giant, a horizontal extent greater than 10 km. Most of
important in that it is one of the parameters which describe the ice was multiyear. The proportion of first-year (FY) ice
the absorption properties of a dielectric medium. The complex was difficult to estimate but was probably less than one third I
dielectric constant of wet snow is strongly dependent on fre- of the total ice cover. Because of the melting conditions, new
quency, density, and wetness (Matzler, 1985]. It may be ex- ice formation in leads was not significant and would not affect
pressed using the simple Debye relaxation spectra by neglect- lead signatures. Snowpack was typically heavy and wet, with

ing the low dielectric losses of dry snow as depths up to 65 cm on many MY ice floes. This is very thick

0.23w by Arctic standards. A more detailed description of the range

+ (2) of conditions found during MIZEX is assembled in Table 1.
I + if/If, During the experiment period the snowpack and ice sheets

where w is the percent volumetric liquid water content, fo is 10 underwent a transition from late spring to summer melt con-

GHz (relaxation frequency of wet snow), and f is frequency in ditions. Air temperatures were typically within 2' of 00C. Ex-

gigahertz. tremes ranged from - I0 C to + 4'C. Measured using alcohol

The propagation distance through a medium over which the calorimetry, volumetric show wetness in both the interior and I
intensity is reduced by e is often referred to as the penetra- the upper few centimeters ranged from 0% to 10%. except for

tion depth (PD). The penetration depth is given by variations in a thin surface layer. The bulk snow wetness
stayed at about 5-6% over much of the experiment duration.

PD = 0.5 -' (3) Figure 1 shows the microwave penetration depths for the con-

where Ioo I II

2n
a--lIM [,Fv'ell (4)A

10

In (4), A is the free space wavelength. Ignoring scattering
losses, a 9-dB round-trip loss is experienced in propagating ?I
over this distance. It is also important to note that up to two E I GHz

or three penetration depths may need to be considered when 0

examining potential contributions to the microwave signature. 123

ICE CONDITIONS AND EXPERIMENT DEscRtInON

The Fram Strait is the key outflow region of the Arctic
001 1Basin. Ice mty originate from any region of the basin. This is 0°

not a typical MIZ and is unique both oceanographically and
in its sea ice characteristics. Hence both ice physical and 0001

microwave properties may be quite diverse, since the area of 0 2 4 6 8 10 12 14

origin strongly influences the environment in which an ice Voiumetric Waler Conient f%,

o shetongy i e t n n nn Fig. I. Penetration depth for snow with a density of 385 kg m- 3
for frequencies between I and 37 GHzL Calculations are based on

As ice from the very close pack approaches the margins, it expenmental data acquired and results published by Matzler [1985].
breaks up into smaller floes. Still nearer the ice edge. higher- Hallikanen et al. [ 1984] and Tiuri et al. [1984]. 3
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TABLE 2. In Situ Microwave Sensor Description and Specification

University of Washington University of Kansas University of Bern

Sensor radiometer* scatterometert radiometert
Sensor type Dicke and FM-CW Dicke

total power
Icebreaker/year PB and PS in 1983. PB and PS in 1983, PS in 1983

PQ in 1984 PS in 1984
Platform sled helicopter and ship ship
Frequencies. 6. 10. 18, 1.5, 5.2. 9.6, 4.9, 19.4. 21,

GHz 37, and 90 13.6, and 16.6 35, and 94
Polarization V and H VV, HH. and HV V and H
Nadir viewing 20'-60' 0-75' 20o-.60

angle
Precision I-5 K I dB 0.1-1.2 KAccuracy 3-7 K 2 dB I K
Beamwidth 15, 2l- 1 V 90- 10
Height I- m 15-45 m 11 "
Calibration sky and internal Luneberg lens sky and internal

reflector

PB. Polarbjorn. PS. Polarstern; PQ. Polarqueen.
*Radiometer named UW/RAD.
tScatterometer named HELOSCAT.+Radiometer named PAMIR.

ditions described here, shown as a function of snow wetness struction, salinity profile, temperature profile, surface rough-
and frequency. Flooding of the ice-snow interface with fresh ness. state of deformation, and dielectric constant, (3) generalwater was occurring due to continual snowpack ablation floe topography, and (4) the spatial distribution of meltwater
during much of the investigation, on the ice sheet.

Our observations show that snow cover thickness of ThFY
(2-6 cm), MFY (6-15 cm), TFY (6-20 cm), and MY (15-65 cm) 26:

ice was variable. New snow also fell during these investi- .

gations (0.5-1 cm). Snow on pressure ridges and other elevated
features was shallow and consisted of very coarse grains up to 2 2 a 
2 cm in size. We feel that grains of this size must have formed
under the temperature gradient metamorphism during the
previous winter. A hexagonal shape indicated a slight round- r ,s
ing by melt metamorphism. Old snow was similar to firn, with "'a
grain diameters of 1 mm. Snow crystal sizes of 0.5-2 mm
diameter were typical. First-year ice and advanced areas of W 14

melt on MY ice showed 3-5 mm diameter with occasional ice 1
crystal globes exceeding a diameter of I cm.

Salinities in the upper layer of the ice sheet were much less m 'GO 18 GHz H
than 196o for MY and around 2%o in the case of FY ice, Be

typically. In 1984 the FY upper ice sheet salinity decreased WINTER SPRING SUMMER FALL WINTERover the experiment duration, and the MY ice salinity in-

creased to about 0.3%o [Tucker et al., this issue). 269

248

Measurement Approach 22i

The integration of microwave measurements by a compre- M 290

hensive set of satellite, aircraft, ship, and surface-based sensors
with sea ice scene characterization measurements is a funda- -iso

mental accomplishment of the MIZEX Remote Sensing Pro- -
gram [MIZEX Group, 1986]. All sensor parameters overlap L s

well by design. Imagery was collected of specifically chosen 1 i40
epresentative ice floes on which coincident in situ surface, V 120

shipboard, and helicopter-borne measurements of scattering
and emission characteristics and ice physical properties were i go 37 GHz H
made. For detailed discussion of the near-surface sensor pa-
rameters and experimental procedure, refer to Grenfell and g 5! 129 1591- 216 240 279 3011 338 366

Lohanick [1985], Matzler et al. [1984], Gogmneni et al. (1984], JULIAN DRY (1984)

and Table 2. Fig. 2. Time series of average Nimbus 7 H polarization bright-
ness temperatures at 18 GHz and 37 GHz for a 300 km by 300 kmThe surface-based measurements include (1) snow thickness, region in the Greenland Sea near the MIZEX study area during 1984.

wetness, density, physical construction, dielectric constant, and The short vertical lines represent one standard deviation (D. J. Cava-
temperature. (2) ice thickness, wetness, density, physical con- lieri. NASA, Goddard, unpublished data, 1986).
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____n_ to records indicate that a series of atmospheric lows of warm air

Sno% Surface IT < O'C passed through this region during this critical period. Our

hypothesis is that the upper layer of the snowpack experiences
tat Winter and Early Spring 11 Dr, So. I T < 0oC) a metamorphism causing an enlargement of ice crystals. Once

temperatures return to normal and the snowpack refreezes.
the brightness temperature will be lower due to an additional I

J iJ <o' scattering loss which arises from the increase in ice crystal size.
The sudden jump in brightness temperature from June 8 to

I, etnes 18 (Julian days 160 to 170) marks the onset of summer melt,
when temperatures stabilize at about O°C. It will be demon-

Sno. Surace T < O'CI strated that the new brightncss temperature threshold during

the first half of this period indicates a moist snowpack. In
I Late Spring "k Humid s... IT = Oc, addition, the melt-freeze cycles which occur throughout the

Arctic summer contribute to the wide range of brightness tem-
peratures. By the second half of summer (beginning about

r T0) Julian day 180), melt has advanced to a stage where a signifi-

cant proportion of the snowpack has melted and open pools
ci EarI of meltwate u are more numerous. The brightness temperature

Sno. Surface T = 0°c shows a decrease of at least 10 K (see 18-GHz data) and larger
standard deviations. Standard deviations at 37 GHz are even

larger, due in part to the larger number of footprints at 37
GHz than at 18 GHz in the 300 km by 300 km region. The

dip in brightness temperature is then followed by an increase

Ice Surce (about Julian day 195). This represents a very interesting and 3
important event. Sea ice may experience periods of drying
during which the areal extent of surface meltwater is reduced

Wetnes due to draining through cracks, thaw holes, and rotting ice.

Sno Surface IT = 0o Such cycles of draining and melting were observed during I
MIZEX. At about the middle of July (Julian day 195) the

(d) Mid to Late Summer Moism Snow (I z 0°* brightness temperature shows a significant increase. We at-
tribute this to the reduction in the areal extent of open water

Slush in melt pools and to wet air-snow and air-ice interfaces.
Ice Surface 0 =O 0( By the beginning of September (Julian day 244) the ice is

well drained, the rapid cooling of the Arctic proceeds. the ice
Fig. 3. Free water fraction versus depth for snow on sea ice. illus- concentration is at its minimum, and the minimum brightness I

trating conditions encountered during (a) winter and early spring. (b) temperature for the year is reached. By the end of September.
late spring, ic) early summer, and Id) midsummer. brightness temperatures have returned to wintertime con-

ditions.
Satellite-Acquired Sea Ice
Temporal Signatures MICROWAVE SIGNATURE AND SCENE INTERCOMPARISONS

The mean and standard deviation of the brightness temper- The microwave signature of the evolving summer sea ice as
atures at 18 GHz and 37 GHz with horizontal polarization of measured in situ is discussed for the periods of winter, late
sea ice as derived from the Nimbus 7 scanning multichannel spring, early summer, and midsummer. Two additional influ- I
microwave radiometer (SMMR) in a 300 km by 300 km ences, very heavy melt and rain and frozen surface crust, and
region in Fram Strait in the vicinity of the MIZ are shown for included because of their ability to alter the seasonal micro-
alternate days in Figure 2 (D. J. Cavalieri. NASA. unpublished wave signature. Figures 3 and 4 illustrate the general distri- I
data, 1986). These brightness temperature data show the big bution of wetness (liquid water content) in the snow on ice as
picture, the continuous time series record for the 1984 Arctic observed during MIZEX. Cross-sectional representations of
year. They illustrate the transition from winter to summer gross changes in the physical construction of the snowpack.
signatures and provide the forum from which the in situ the snow-ice interface, and the ice sheet are provided in Fig-
..snapshots- are discussed. ures 5 and 6.

During the cold winter months, between December and In what follows. emissivities are shown at frequencies from 5
March (Julian days 335-90). the sea ice brightness temperature to 94 GHz for a 50 nadir angle and horizontal (H) and verti- I
variations are small and are primarily due to changes in ice cal (V) polarizations. Radar backscatter cross sections are at
concentration or to variations in the physical temperatures of frequencies from I to 17 GHz. at angles from 0' to 60". and at
the radiative portion of the ice or both. Starting in April HH polarization. Since backscatter effects at VV and HH po-
(Julian day 91) the steadily increasing spring warming trend larizations were very similar for both FY and MY ice, we
translates into a similarly increasing scene brightness temper- follow tradition and discuss HH polarization. Radar angular

ature. By May (Julian days 121-151) this trend was disturbed. response data are shown to elucidate the strong dependence of
As we observed during MIZEX, the emission at 36 GHz is backscatter on incidence angle. The rate of falloff of back-
very sensitive to the presence of free water and the recrystalli- scatter beyond vertical provides information about scene
zation of the upper few centimeters of the snowpack. Weather roughness and the effective dielectric constant. I
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0 Wetness emissivities at the two polarizations (Brewster angle effects)
Slush T=O°C) and has an emissivity which increases with increasing fre-

quency. In contrast, the FY ice signature is close to unity and
ijI Heav, Melt or Rain Moist Snow IT =0C) is almost independent of polarization and frequency. The

multiyear ice signature is not similar to either the calm water

Slush or the FY ice. Its emissivity decreases with increasing fre-

Ice Surface IT - Ci quency and shows a moderate separation at the different po-
larizations throughout the entire range of frequencies.

0 WenessThe radar backscatter of FY and MY ice is shown as a
ThoWemess function of frequency at a 400 incidence angle in Figure 8a.

Frozen Crust (T < 0'C) These data show radar cross sections which increase linearly

with increasing frequency. The radar contast between these
I b) 1-roien C.rust - Moist Snow IT = 0*C) two ice types also improves with increasing frequency. Returns

from open water in the MIZ are found to be considerably

Slush lower than those from ice.
I ce SurfacelT =0*C Scattering within the snow and ice reduces emission and

Venhances backscatter. First-year ice is very lossy because of its
Fig. 4. Free water fraction versus depth for snow on sea ice. illus- high salinity; hence penetration depths are small. In addition,

trating conditions encountered during (a) heavy melt or rain and (b) it has few internal scatterers, such as air bubbles, whose di-n-
freezing of the upper snow layer. eters are within an order of magnitude of a wavelength. In

contast, the upper portion of a MY ice sheet is composed of
Winter low-loss, almost pure ice and has significant numbers of air

bubbles with diameters of 1-3 mm. The microwave signatures
In winter, as during most of the year, the dry snowpack and of sea ice at low frequencies (1-4GHz) are, for the most part,

upper portion of the ice sheet are at temperatures much less controlled by its dielectric constant and surface roughness. As
than 0°C. As Figure 3a shows, there is no liquid water in the wavelengths grow shorter, volume scattering from the inho-
snow or on the ice sheet. Cross-sectional views of FY and MY mogeneities within the snow and ice becomes increasingly im-
ice sheets are shown in Figures 5a and 6a. Under the dry snow portant. At frequencies of about 10 GHz, volume scattering
on undulating MY ice are flat ice, ice mounds, and depres- begins to dominate the electromagnetic interaction process.

sions filled with last summer's frozen meltwater. This set of The interested reader is referred to Kim et al. [1984b] for a
conditions serves as an excellent reference from which to detailed discussion of surface and volume scattering ofsea ice.
examine the evolution of sea ice properties during summer.

The emissivities of FY and MY ice and calm water during Late Spring
winter as reported by NORSEX Group [1983] are shown in By late spring, temperatures have warmed from winter lows
Figure 7a. Open water exhibits a large difference between of about - 35°C; there may be periods with temperatures near

Superimposed Ice Layer Moist Snow IT = 0Cl
DrvSnow iT<O*CI .. . .

Sea Ice IT < 0°C

Sea1 Ice IT,

3 (a) Winter and Early Spring (b) Late Spring
(Completely Frozen) (Humid Snow and Superimposed Ice)

3 Rough Superimposed Ice

::Humid Snow iT = OCI

Rough Ice Surface SwIIce

t Sea Ice (T = O*C0

(C) Early to Mid Summer (d) Mid to Late Summer
(Moist Snow) (Surface Composed of Snow-Ice)

Fig. 5. Snow and ice conditions encountered on first-year ice during (a) winter and early spring, (b) late spring, (c) early

summer to midsummer, and (d) midsummer to late summer.
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Rough Sueipsed Ice

Drv Sno% IT <O C 0
"on Humid Sno IT - O

Mfu nde........: .... . . .....

I

(a) Winter and Early Spring (b) Late Spring
(Ccnlietely Frozen) (Humid Snow and Superinflosed ice)

Wet SnowI I

Slush Mound Ssf3

, Susufae el Pol eltPo Surface Melt Pool

0 Sea Ice IT = O°0
Sa Ice(T = O*Cl

(c) EarlIy to M Id SLFmWl (d) Midl to Late Surrmer

(Moist Snow) (Surface Unoedl of Snw-ce)

Fig. 6. Snow and ice conditions encountered on multiyear ice during (a) winter and early spring, (b) late spring, (c) early I

summer to midsummer, and (d) midsummer to late summer.

0'C. This rise in physical temperature is accompanied by an 9.6 GHz, has been reduced effectively by the humid snowpack.

increase in the imaginary part of the complex dielectric con- Backscatter at 5.2 GHz is affected less because volume scatter-U
stant. this increase is rapid once temperatures are within a few ing has a reduced role at this frequency, scattering from the ice
degrees of 0°C. During this period the interior of the snow- surface contributes strongly, and a penetration depth of 20 cm
pack becomes humid. Figure 3b illustrates the common oc- (3 times that at 9.6 GHz) is sufficient to continue sensing the

currence of cool air above the snow, a dry snow surface layer, surface and upper portion of the ice sheet.
a humid snow interior, and a cold ice sheet surface. Moisture
from the humid snow layer may collect on the cold ice surface Early Summer

and freeze. The superimposed ice roughens the ice-snow inter- Early summer may be described as the start of the 2-month
face, illustrated in Figures 5b and 6b. This roughness will in- period during which the mean air temperature remains close
crease in time and influence the microwave signatures of to 0°C. Summer FY and MY ice microwave signatures will be

ThFY and MFY ice during midsummer. shown to be very similar. Early summer signature differences

Signatures representative of late spring conditions are between ice types are at best subtle. The thoroughly moistened
shown in Figures 7b and 9a. In contrast with winter con- snow is at its maximum annual thickness. Free meltwater per-
ditions, FY and MY ice emissions are almost identical. The colaties through the snow and collects at the snow-lice inter-

snow has attained a wetness sufficiently large (about 2%) that face, forming a thin layer of slush as shown in Figures 3c and
scene emissivity is determined by the snowpack and not by the 6c or additional superimposed ice as shown in Figure 5c.
cold ice sheet below. During this period the emissivities of MY and FY ice sharc

Radar contrast at 9.6 GHz and 5.2 GHz is also reduced (see a common signature shown in Figure 7c, that of an infinitely m

Figure 9a). Volume scattering, which dominated the micro- thick wet snow layer. In addition, an emnissivity of almost
wave signature of MY ice during winter and early spring at unity was obtained at V polarization. hence the wet snow

I
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Fig. 8. Radar scattering cross section frequency response of (a) water and first-year (FY) and multiyear (MY) sea ice at
frequencies from 4 to 17 GHz at HH polarization acquired during winter by Onstott et al. [1982) and (b) water and thin
first-year (ThFY . medium first-year (MFY). and multiyear (MY) sea ice at 1.5, 5.2. 9.6, 13.6. and 16.6 GHz at HH
polarization during midsummer when the bulk wetness is 5% by volume (July 5. MIZEX '841. m

(about 4%) shows the characteristics of an ideal blackbody, TFY ice sheets, creating a slush layer several centimeters
which absorbs all incident radiation, reflecting none, and is a thick. Draining of water into depressions on TFY and MY ice

perfect emitter, contributes to the formation of subsurface melt pools as illus-

Data acquired in conjunction with the above show that trated in Figure 6c. The slight increase in liquid water in the U
backscatter is relatively weak (Figure 9b), and data demon- snow now limits the penetration of microwaves to distances
strate further the effective absorption of the incident energy by less than one wavelength. The microwave observables contin-

the thorougi y wet snow layer. Roughness measurements indi- ue to be dominated by the properties of the top layer. Emissiv- l
cate that its surface was smooth at these radar wavelengths ity increases within increasing frequency and remains "black-
(an rms roughness of about 0.3 cm); smooth surfaces produce bodylike" at V polarization (see Figure 7d). With the Brewster

weak backscatter at angles off vertical, effect enhancing the V-polarized radiation, surface reflection is
In review, when the snow scattering volume is reduced to a the dominant reflection mechanism. Since the internal scatter- U

few centimeters and the snow thickness is at its annual maxi- ing in the lossy snow is very small, the Fresnel reflectivity

mum, the wet snow is extremely effective in masking surface provides a good description of the microwave emission at H
ice features at frequencies as low as 5 GHz. polarization at frequencies up to at least 35 GHz.

In Figure 8b, radar backscatter data are shown for MY,
Midsummer MFY, ThFY, and open water at a 30' incidence angle. Snow

By midsummer the snowpack has experienced considerable wetness of 5% results in microwave penetration depths of
melt. Drained snow attains a wetness of about 6% throughout about 50 cm at 1.5 GHz, 6 cm at 5.2 GHz. and 2 cm at 9.6 I
its interior. As is illustrated in the snow wetness diagram in GHz, 13.6 GHz. and 16.6 GHz. Contrast between MY and

Figure 3c. meltwater continues to accumulate on the MY and ThFY ice improves with decreasing frequency (6 dB at 1.5 I
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Fig. 9 Radar scattering cross sections acquired durng (a) late spring of thin first-year (ThFY, medium first-year
(MFY), thick first-year (TFY) and multiyear (MY) sea ice at 5.2 (C) and 9.6 (X) GHz at HH polarization when the surface
snow is dry and the bulk wetness is 2% by volume (June 20, MIZEX 84), (b) early summer of first-year (FY) and multiyear
(MY) sea ice at 5.2. 9.6. 13.6 (Ku(l)). and 16.6 (Ku(2)) GHz at HH polarization when the bulk snow wetness is 4% by
volume (June 26. MIZEX "84). (c) midsummer to late summer of first-year (FY) and multiyear (MY) sea ice at 5.2 9.6, 13.6.
and 16.6 GHz at HH polarization (July 25, MIZEX '83) and (d) rainy conditions in summer of first-year (FY) and
multiyear (MY) sea ice at 5.2. 9.6. 13.6. and 16.6 GHz at HH polarization (June 25. MIZEX '83).

GHz, 4 dB at 5.2 GHz, and about 2 dB at frequencies from 10 (about 1 cm per day). A snow-ice crust is in place on elevated

to 17 GHz). Physical property measurements suggest that MY ice surfaces, on ThFY ice, and on MY ice. The residual
cross-section differences are attributable to the 2- to 3-cm snowpack and snow-ice crust are wet (about 6%). On ThFY
roughness elements of superimposed ice coupled with the thin and MFY ice the snowpack has eroded into a 2-cm-thick.

snow cover on ThFY and MFY ice (snow thickness is 2-6 cm granular snow-ice layer, and former melt pools consist of col-
on ThFY and 2-14 cm on MFY). These data show that uni- lections of candled ice tips which rise about I cm above theIformly distributed wet snowpack on MY ice with a surface freeboard of the thin, saturated ice sheet (see Figure 54

relief greater than I m is effective at masking ice features. Natural scene intervariability makes it difficult to determine
if emission varies with ice type during this period. The dataI Midsummer to Late Sumner show a keen sensitivity to small physical-property variations

Some time after midsummer, open water melt pools become in the snow-ice layer, such as density, depth of all the layers,

common on thick ice. About 50-60% of the snow has melted grain size, and wetness. A larger variability in the dielectric

m
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1 0o , ...... . its summer low (see Figure 9d). Much of this reduction is

F-V - X---VL attributed to the creation of a more specular surface.

FC-" - -
- '  

.. .. -I 7-_ ,

0. - - -- -Frozen Surlact, Crust
C - . - \ During periods when long-wa'.e heat loss dominates, such

-, - as under cloud free conditions, or when weather systems
zV g .- reduce air temperatures. the upper portion of the snowpack or

S75 - snow-ice laver freezes. forming a crust. The wetness-depth dia-

gram is provided in Figure 4h. An additional circumstance of
interest is the mixture of cloud free and cloudy skies. Cloud

6- free skies may produce regions with frozen surfaces: cloud-
E covered regions a fe% kilometers away may be under melt

60 -because of atmospheric radiation.1-  Freezing of a snow& layer as limited to the upper 5 cm

0 2 .. . .. ... typically. The crust that forms has an important characteristic
4 b 8 10 2 .4 6 8 10. of snow crystal grain sizes which have enlarged to about 1.5 2

Freauency 1GHzi mm in diameter. The increase in size is attributed to the re- I
Fig. I0 Emissivity at 50 off nadir in both vertical IV) and hori- freezing process. Emissi it. at 37 and 94 GHz is reduced sig-

zontal (H polanzation versus frequency representing both muliyear nilicantlv because of scattering uithin this layer. The level of
and first-year ice measured during rainy (RI weather with UNW RAD
when the snow wetness is about S",, b. volume (June 24. MIZEX 84). decrease in emission correlates with crust thickness. It is im-

midsummer with PAMIR when the moist (Mt snow wetness is about portant to note the similarit. in emission at 94 GHz between
5"., by volume lJul. 7 9. MIZFX '83). and midsummer with PAMIR a frozen snow laver with enlarged ice crystals and snow-
and UW RAD when the upper laver of the snowpack is a frozen crust covered winter Mt ice. At the lower frequencies the wave-
(FCI (Jul t I. MIZ-X "83. June 26. MIZEX '841 lengths are large compared it) the size of the ice crystals in the

thin crust, so scattering losses are small and the emission is I
not reduced. This scattering beha ior can be understood by

constant of FY ice was noted during this period. It is believed examining Rayleigh scattering of densely packed ice particles
that the thinner snow depth observed on FY ice allows sens- [Maitlh'r. 1985).
ing of the liquid water which has collected at certain locations The formation and disappearance of a frozen crust contrib-

on the ice surface. On average it is felt that the emissions of utes to the large variabihtlit seen in the 37-GHz SMMR data
FY and MY ice are still very similar. Emissivities shown in during summer (Figure 21. In contrast, note that the 18-GHz
Figure 7e are slightly higher than those shown for midsum- signature is less dynamic. This is expected if the upper snow

mer, layer is undergoing melt-freere c 'cling and not changes in ice

Backscatter from MY ice is greater than or equal to that concentration. The effect of frozen crust on backscatter is in-

from FY ice: a contrast reversal has taken place. Contrast teresting. An increase in backscatter is expected for all ice I
between ice types increases with decreasing frequency, shown types at frequencies aboxe 5 GHz due to an enhanced volume

in Figure 9c. After midsummer. FY ice roughness elements scatter. Such an enhancement is not noted in these data. How-

have been eroded by melt to a point b,.ere they are small in ever. the relative contrast between ice types is expected to be
relation to the radar wavelength: surfaces appear smooth and preserved and is. 1 he freezing of a thin layer of ice on open
produce weak backscatter Isee Figure 5d). Multiyear ice re- melt pools produces a significant increase in backscatter (ob-

mains topographically more rough and has many tilted sur- served in scatterometer data) for this feature and changes the

faces and a complex mixture of ice. snow, and water features floe's appearance in the radar imagery.
which provide a strong surface scatter Isee Figure 6d).

SUMMARY

Very Heat'y Melt or Rain Emissions at 5-94 GHz and backscatter at 1-17 GHz were

Heavy melt or rain causes a saturation in the upper portion measured for a variety of sea ice scenes present in the summer I
of the snowpack. illustrated in the free water versus depth at the marginal ice zone. Data were obtained with ship-, sled-,
diagram shown in Figure 4a. and reduces the H-polari7,ed and heliocopter-mounted instruments. Meltwater. snow thick-
emission as shown in Figure 10. In this example the emissivity ness. the freezing of the upper few centimaters of a snow layer.
at 5 GHz for early summer conditions is reduced from 0.86 to and snowpack and ice surface morphology control the micro- I
0.75 when rain increased the surface wetness from 4,. to 8%. wave signature of sea ice. During the first half of summer the
The input of additional free water increases the dielectric con- high absorptivitv of a thick. wet snow greatly reduces the

stant. The V-polarized emission is less sensitive to this change variability in sea ice microwave signatures. I
due to Brewster angle effects The reflectivity at V polarization Results during the peak of summer melt indicate that physi-
is small. and changes in dielectric constant have a correspond- cal processes within one penetration depth in snow (less than
ingly minor effect. At H polarization a change in dielectric a wavelength) are adequate to dominate the microwave re-
constant translates into a significant change in reflectivity and sponse and mask surface ice features. This does not mean that
emission. In addition, as the wavelength increases, the surface all ice sheet information is lost during summer. Snow and
now composed of wet snow graias and water looks physically meltwater are not distributed uniformly about a floe. The dis-
and electrically smoother. This combination works together to tribution of free water is often related to snow thickness and
reduce emission at this polarization and at low frequencies construction and to ice sheet type and deformation character-
dramatically. Backscatter intensity was also reduced, reaching istics. These ice-type-related surface nonuniformities are not I
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well understood and are being examined to see if they produce and W. M. Johnstone. Simultaneous scatterometer and radiometer
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teristics. The importance of surface features is illustrated by Eng.. OE-7(l), 20-32. 1982.
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MICROWAVE PROPERTIES OF SEA ICE IN THE MARGINAL ICE ZONE

Robert G. Onstott and Richard W. Larson

Radar Science Laboratory
Environmental Research Institute of Michigan

Ann Arbor, Michigan USA

ABSTRACT interest Include: (a) ice type, (b) ice
thickness, (c) ic: concentration, (d) ice floe

Measurements were made during the 1984 size, (e) snow and ice-sheet physical and
Marginal Ice Zone Experiment to document the electrical properties, (f) deformation
active microwave properties of summer sea ice. characteristics, and (g) kinematics.
Backscatter data were acquired at frequencies
from I to 17 GHz, at angles from 0 to 70 degrees II. EXPERIMENT DESCRIPTION
from vertical, and with like and cross antenna
polarizations. Results show that melt-water, Radar scattering cross-section data were
snow thickness, snowpack morphology, snow acquired using a multi-frequency,
surface rougnness, ice surface roughness and multi-polarization and multi-angle-of-incidence
deformation characteristics are the fundamental calibrated radar (scatterometer)[2]. This
scene parameters which govern the summer sea ice system was operated from both helicopter and
backscatter response. For example, a thick, wet ship. Key radar parameters included
snow cover will dominate the backscatter frequencies of 1.5, 5.2, 9.6. 13.6 and 16.6 GHz;
response and mask any ice sheet features below, viewing angles from 0 to 70 degrees from
However, snow and melt-water are not distributed vertical; and antenna polarization capabilities
uniformly and the stage of melt may also be of HH, VV and HV (H = horizontal, V = vertical;
quite variable. These non-uniformities which are the first letter identifies the transmit
related to ice type are not necessarily well polarization and the second the receive
understood and preduce unique microwave polarization). Scenes investigated included
signature characteristics, small-to-vast multiyear (MY), thick

first-year(TFY), medium first-year(MFY) and thin
first-year(ThFY) ice. Floes chnsen for
microwave observations were visually

I. INTRODUCTION representative of ice types in the MIZ and the
adjacent pack ice region. General ice condition

Near-surface calibrated radar backscatter descriptions, oblique photegraphy, and detailed
data were obtained of Arctic sea ice during June descriptions of snowpack and ice sheet were
and July of 1984 as part of the Marginal Ice made. Sea ice characterizations included the
Zone Experiment (MIZEX-84)[1] in Fram Strait, a description of the construction of the snowpack,
region located between Spitzbergen and snow thickness, snow density, snow wetness, the
Greenland. These measurements were made as part measurement of snow-ice complex dielectric
of a remote sensing effort whose purpose was the constants, ice sheet physical-chemical
simultaneous collection of near-surface and properties, ice thickness, and surface and
airborne, active and passive microwave signature sub-surface roughness. Ice thicknesses ranged
data in conjunction with the study of the key from 30 to well over 300 cm. Snowpack was
physical and electrical properties of the major typically heavy and wet with depths up to 60 cm
summer sea-ice scenes in the study area. The on many of the multiyear ice flnes. Melt-water
role of the near-surface d.ta collection effort collected creating a slush at the snow-ice
was to catalog the summer MIZ scattering interface on flat ice and in sub-surface pools
coefficients, to relate specific sea ice in depressed areas. Ice, snow and air
features with their microwave response, to temperatures were typically within a couple A:,
support the interpretation of aircraft and degrees of 0 C. The snow cover on thin
satellite data products and to provide first-year, medium first-year, thick first-year
electromagnetic scene-modeling inputs to and multiyear ice was typicially 2-6 cm, 6-15
further advance the understanding of the cm, 6-20 cm, and 15 - 65 cm, respectively. Snow
interaction processes which govern the sea ice crystal sizes of 1-2 mm diameter were typical.
backscatter response. Overall, remote sensing First-year ice and advanced areas of melt on MY
efforts were directed to the development of the ice showed 3-5 mm diameter crystals with
ability to unambiguously convert microwave occassional ice crystal globes exceeding a
signal information into critical geophysical diameter of 1 cm. Salinities in the upper layerparameters. Solid ocean descriptions of key of the ice sheet were typically much less than
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one part per thousand for MY and around two of the variance of the hackscatter return with
parts per thousand In the case of FY. During frequency Is also instructive (See figure 4 and
the experiment period the snowpack and ice Table 1). The effect of a uniformly
sheets underwent a transition from early-summer distributed wet snowpack on MY ice which does I
to mid-summer melt conditions. For example, the have meter or greater surface relief is to mask
salinity in the upper ice sheet decreased in the these features. This ability Increases with
case of FY, but increased to about .3 parts per increasing frequency as expected. In this
thousand for MY (3]. example, most features were well masked when

operating above 10 G8Hz and there is almost no11!. PRELIMINARY RADAR BACKSCATTER RESULTS hint of any surface features at 16.6 GIIz. In

addition, as frequency is reduced there is anTwo questions were central to the microwave exponential-like increase in scene variance.
investigation during MIZEX: a) what is the The angular response at 5.? GHz of MY, NFY,influence of the MIZ and summer-melt on sea ice ThFY and water is shown in Figure 1. MFY has aproperties and, b) how do these changes affect slightly thicker ice sheet and snow layer than
the ability to discriminate ice from water and ThFY, but similar surface roughness. The
among ice types. Results show that the MIZ angular responses of MY and NFY are shown as a
microwave signatures are greatly influenced by function of frequency in Figures 2 and 3. I
summer-melt. In addition, there Is excellent There is a modest increase in cross-section withcorrelation between the evolving sea ice summer Increasing frequency, but not as quickly as the
scene and its microwave signatures. Scene square of the wavelength which means that there
parameters which have been found to have the are similar roughness scales at all wavelengths. 
greatest impact on active microwave signatures ar sml ress es at all waveletsare: thickness of wet snowpack, distribution of Comparing the responses of MY and NY suggests that 6 or more centimeters of snowpack fs all
melt-water about the ice sheet, floe topography, that is required when operating at frequencies
presence and magnitude of rough surface above 5 6Hz to effectively mask surface ice
scatterers, and the increased dielectric features. Note that the angular responses of
constant of regions composed of mixtures of ice, these ice types at these frequencies are nearly Isnow, and water, such as strings of hummocks and identical. The Importance here is thesurface and subsurface melt pools. It has yet determination of the number of penetration
to be determined if the MIZ contibutes to depths of snow necessary before there is an
changes in the summer microwave signature, other effective mask. Note that penetration depth isthan to promote melt, and by moderating the a calculation of when a distance is traveled Ipopulation of melt-pools because of regional over which transmitted power is reduce by l/e.
dynamic forces which work to reduce floe size. The scene beyond this depth still contributes to

In the MIZ It is important to determine ice the backscatter response. In the case of the
extent and percent ice coverage. These data are sea ice scene described here, the contribution

inputs Into a variety of geophysical models, below one penetration depth appears minor.
Results show that there is significant contrast During this period, frequencies of I to 6 G1Hz
from 10 to 15 dB between ice and water when are most applicable for use in discriminating
operating at 1.5, 5.2, 9.6, 13.6 and 16.6 GHz, these ice types.
HH-polarization and with angles about 25 Figure 5 was created to demonstrate the I
degrees. The 5.2 GIz backscatter response (See effect increasing snow wetness has on the
Figure 1) shows that this contrast exists over contribution of surface roughness to the
the range of angles which will be used by backscatter response. A wetness of 5% by volume
spaceborne synthetic aperture radar. It is increases the dielectric constant from 1.9 toexpected that the angular trends at other 2.5 for snow with a density of about .5frequencies will be similar. These data are2.fosnwitadeiyofbut5
available and will be assembled in the future. gm/cubic-cm. Using an rms roughness of .3 cm

and a correlation length of 1.8 cm, representsRadar backscatter cross-sections of three roughness of a typical smooth snow scene,
major ice scenes acquired during mid-summer peak surface scattering responses were calculated for 1
melt are shown in Figures 1, 2 and 3. These 1.2 and 10 8Hz and dielectric constants of 1.8
angular responses are of MY, NFY, and ThFY which and 2.5. A Kirchoff surface scatter model with
have thicknesses of 275, 105 and 75 cm, an exponential correlation length, which has

respectively. Snow depth ranges are 2-10, 5-14, been validated as especially applicable to FY
and 20-43 cm, respectively. Snow wetness of 5% ice, was used for demonstration purposes. 
by volume results in microwave penetration Reults se st rae scattei
depths of about 1-2 m at 1.2 GHz, 5-10 cm at 5.2 Results suggest that surface scatter will
deh of5cm at 1-? m 2-3an at 16 z,- cm an5.2 increase about 2-3 dB for all frequencies. This
Gz, 3-5 cm at 9.6 8Hz, 2-3 cn at 13.6 GHz, and is basically due to an increased Fresnel1-2 cm at 16.6 8Hlz.

reflection coefficient. Additionally, snow ofTransects across a large 3 km floe composed this roughness accounts well for the general
of MY and ThFY are shown in Figure 4 for
frequencies from 5 to 17 GHz. Contrast between backscatter level measured at 10 GIz. The

the ice types is 6 dB at 1.5 8Hz, 3.6 dO at 5.2 signatures at 1-2 GHz are very weak at this

tHz. and about 1.7 dB at frequencies from 10 to surface roughness scale. This agrees with

17GHz The pbohtyca prer ies ro 0observations of weak returns when the ice sheet17 8Hz. The physical properties most iS flat and the snow is smooth. Returns are
responsible for the cross-section difference are strnet n th si ft e fare
the surface and subsurface roughness of the with til ted surfaces. 
ThFY. Roughness elements of 3 cm have

superimposed ice and firnification process 1origin.

It is interesting to note that a balance
exists between snow absorptivity and the scales
of roughness at frequencies above 10 GHz; while
at the lower frequencies reduced absorptivity
results in increased backscatter. Examination
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TABLE 1. It also follows that operation at frpquenciePs

about 5 GHz will be optimal for the simmer MIZ.

Backscatter cross-sections of multiyear Based upon these results it is expected that the

and thin first-year sea ice at HH- ERS-1 ESA C-band satellite SAR has the potential

polarization and 25 degree incidence angle to discriminate ice types during both winter

for S July (MIZEX-84) and summer. In addition. use of multiple
frequencies will allow information from

MEAN VARIANCE different depths and ice features to be I
FREQ retrieved.

-GHz- MY ThFY MY ThFY
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Figure 5. Radar cross-sections 
of surface

scatter from wet (e - 2.52) and dry
(e , 1.78) snowpack at 1.2 and 10 GHz
at HH-polarization as derived from a 1
Kirchoff surface scatter model with
an exponential correlation length.

IV. SUMIARY

Radar backscatter measurements were made at
frequencies from 1 to 17 GHz of a variety of sea
ice scenes present in the summer at the marginal
ice zone. Data were obtained with a ship and I
helicopter based scatterometer. Results indicate
that melt-water, snow thickness, snowpack and
ice surface morphology control the microwave
signatures of sea Ice. Results during the peak

of the summer melt indicate that one penetration
depth of snow effectively dominates the
microwave response and masks surface ice

features. This may represent as little as 6 cm
of snow when operating at 10 GHz when the snow I
has a wetness of 5% by volume. This does not
necessarily mean that all ice sheet information
is lost during summer. Snow and melt water are
not distributed uniformly about a floe. During

MIZEX 83 and 84, depth of snow cover and stages
of melt correlated well with ice type. Medium
and thin first-year ice have snow covers
typically less than 15 cm and enhanced surface
roughness. Hence, the knowledge of the spatial
distribution of microwave returns is critical.

I
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A SAR/SCAT INTERCOMPARISON OF MICROWAVE SIGNATURES OF
ARCTIC SEA ICE

Robert G. Onstott and Robert A. Shuchman

Radar Science Laboratory
Environmental Research Institute of Michigan (ERIM)

ABSTRACT geophysical information of greatest interest
include: (a) ice age, type, and thickness; (b)
ice concentration; (c) floe size; (d) ice sheet

Active microwave and physical property and snowpack physical properties; and (e)

measurements were made of Arctic sea ice in the deformation characteristics.

marginal ice zone during the summer of 1984.
Results of an intercomoarison of data acquired III. ICE SCENE DESCRIPTION

by aircraft synthetic aperture radar and
helicopter-based scatterometer indicate that During MIZEX-84 the major summer sea ice

early-to-mid summer sea ice microwave scenes were multiyear (MY), thick first-year

signatures are dominated by snowpack (TFY), medium first-year (MFY), ard thin

characteristics. Measurements made at 1-17 GHz first-year (ThFY). Multiyear is sea ice which
show the greatest contrast between thin has survived at least one summer's melt. It
first-year and multiyear sea ice occurs when has an ice thickness greater than 2.5 meters

operating between 5 and 10 GHz. and during MIZEX-84 a snowpack thicknr-ss which
ranged from 35 to 60 cm. Thick first-year is
ice which began growing during the fall and has
a thickness greater than 120 cm and a snowpack
thickness of 25-35 cm. Medium first-year
represents a class of ice which began growing

late in the season. It has a thickness of 70
to 120 cm with a 10-15 cm snowpack. Thin
first-year ice began growing very late in the

season and therefore has only an ice thickness
of 30 to 70 cm and a snowpack thicVness of 2-6
cm. Note that snow thickness and the various
ice types observed in MIZEX-84 have a hiqh
degree of correlation.

I. INTRODUCTION
Ice found in the MIZEX study area exhibits

Measurements of the microwave signatures considerable deformation due to dynamic forces
of Arctic sea ice were made during June and experienced prior to entering the Fram Strait.
July of 1984 in the Fram Strait of the Deformation characterisitics include a
Greenland Sea in an area to the north and west significant number of ridges, rtubble, increased
of Spitzbergen as part of the Marginal Ice Zone surface and sub-surface topography, and
Experiment (MIZEX) (1]. In this investigation, increased floe thickness. Other features of
microwave signatures were acquired from the significance on multiyear and thick first-year
start of summer until a time immediately after ice are regions of surface and sub-surface
peak melt. An important aspect of MIZEX was the meltwater pools, and areas of flat ice and
emphasis placed on the comparison of coincident mounds.
active and passive aircraft, satellite, and
surface-based in-situ microwave observations IV. EXPERIMENT DESCRIPTION

with Intensive ice characterization
measurements. During this investigation the SAR,

operating at both 1.2 and 9.4 Gliz, provided

11. BACKGROUND synoptic MIZ coverage by producinq 80 km x 80
km mosaics at 3 meter pixel resolution. The

The goals of the MIZELrem6te sensing SAR data was collected at incident angles from
program are (1) to better understand sea ice 30 to 70 degrees. The microwave measurements
scattering and emission processes, (2) to made by the scatterometer are at a similar
better interpret present and future remote resolution, an extended range of viewing angles
sensing observations, (3) to define operating (0 to 70 degree incident angles) and at
parameters as well as predict performance of frequencies of 1.5, 5.2, 9.6, 13.6 and 16.6
future air- and space-borne sensors, and (4) to GHz. Physical property information acquired
develop algorithms to convert microwave signal included the physical description of the
data into geophysical processes information, snowpack and ice sheet, snow wetness, surface
In the MIZ as well in the central Arctic the roughness, salinity profiles, and dielectric

I
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constants. In the case of thinner ice. tho ttirreased
IV. DISCUSSION OF RESULTS small scale-surface roughness (ho- to a

superimposed ice layer at the snow-ice

During summer, the state of the snowpack interface is a key contributor to the

becomes especially important. Percolation of backscatter cross section.
snow melt-water onto the ice sheet creates An inventory of sea ice signatures in the
either a rough supernding on environmental MIZ has been made and includes: (a) thp mixture
conditions. Furthermore, during the first half of brash ice and small floes; (b) refrozen ThFY
of the summer, the high absorptivity of a wet leads; (c) MFY ice, often found as one of the
snowpack greatly reduces the overall Ice types in large floes; (d) regions of very
variability in sea itce microwave signatures. heavy snow cover found in severely deformed

areas on MY or TFY ice; (e) pressure ridges;The ability of a wet snow layer to f) sub-surface melt pools; and (g) open watertemporarily mask ice sheet features during either in surface melt pools or between floes.
summer has been reported previously in other
regions (2,3). The thickness of the layer of Relative radar backscatter cross section Iwet snow required to mask sub-surface ratios have been calculated using both SAR andtopography may be estimated by taking two or scatterometer data and are presented in Table
three microwave penetration depths, found as a 1. This table utilized data collected in latefunction of snow wetness and frequency (see June and thus represents the start of the peakFigure 1). It is important to note that the melt period. The cross section ratios aredistance traveled into wet snow before complete presented in dB and referenced to open water.absorption is easily two orders of magnitude Examination of Table 1 shows significant
less than in dry snow. contrast between all the MIZ ice t)es and open

water. The SAR images further illustrate the
Table I results. Individual ice floes are
clearly delineated on both the X- and L-band

100 data.

E Wet Snow The L-band (1.2 GHz) ratios indicate brash I1O Experimental Oata ice can be distinguished from the other ice and
.E snow catagories. Thick snow cover also has a

unique cross section signature.o1 1 Hz

C The C-band (5.3 Gtlz) ratios confirm that0operation at the higher microwave frequencies
cis better for differentiating first year from

multiyear ice. Thin first-year ice can also he
(C 0.01 differentiated from medium first-year ice. The
C37 European Space Agency (ESA) will launch a free-

flyer (ERS-1) SAR satellite that will operate
0.0010 12 at C-band.

Volumetric Water Content () The X-band (9.4 G1Iz) data yields results
similar to those at C-band. Braeh Ice can be
differentiated from multiyear, bitt not from

Figure 1. Penetration depth for wet first-year. However, examination of SAR X-hand
snow between 1 GHz and 37 GHz, images shows that brash ice is srparahle fromcalculated from experimental first-year based on its shape and locationdata [4,5] (i.e., context).

The contrast between first-year and
multiyear ice decreases at 13.6 and 16.6 G11z.This appears to be due to an increased

Additionally, there is a significant absorptivity of the snow which results in the
'eduction in the ability to penetrate either snow/ice roughness at the snow/sea ice
wet or dry snow as frequency increases and as interface to be less of a contributor.snow acquires a very modest wetness (for
example, 2-4% wetness by volume). Hence during V. SUMMARY
early to mid summer and at frequencies above 10 I
GHz much of the information about homogeneous Microwave measurements were made at 1.2,ice scenes is derived from the physical and 5.3, 9.4, 13.6 and 16.6 GHz of a variety ofelectrical properties in the snowpack's top snow and ice types present in the siminer at the
several centimeters. The freezing of the marginal ice zone. The measurements which were
upper few centimeters of the snowlayer, and the obtained by a SAR and helicopter-based Iway melt water accumulates on the ice sheet scatterometer during the peak of the summerwhich is controlled by the large scale melts indicated that the snow cover dominates
topography, also contribute to an ice sheet's the radar backscatter return. At frequenciesmicrowave signature. below 9.4 GHz (X-band) the slush or

I
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superimposed fresh water ice layer that forms differentiating first-year from multiyear Ice
at the snow/ice interface is Important in types within the MIZ.
determining the received backscatter. Since In
MIZEX-84 the amount of snow cover and type of The backscatter ratios further suggest
snow correlated to individual Ice type, it was that a multi-frequency approach would provide
not surprising that the 5-10 GHz data additional information on ice and snow types.
discriminated the thinner first-year from This is due to Increased penetration at the
multiyear Ice. The C-band (5.3 GHz) frequency lower frequencies and the roughnness match of
which will be utilized on the ERS-I ESA the multiple wavelengths with constituents
satellite SAR should do a respectable job within the snow and ice media.

Table 1. Radar Backscatter Cross-Section Ratios at 350

Incident Angles for Summer Sea Ice

-GHz-

Scene 1.2 5.3 9.4 13.6 16.6

Brash 11.0 12.0 13.5 ---

ThFY 7.5 11.5 15.0 15.0 15.0

MFY 7.5 9.0 13.5 14.0 14.0

HV.SC 5.0 7.0 11.0 13.5 13.5

PR 7.0 10.0 ... ...

OW .0 .0 .0 .0 .0

5 MY'SC 6.5 8.0 11.0 13.5 12.5

MY.HV.MF 10.0 11.0 14.5 15.5 14.5

Ratios are in d8 and have been referenced to open water.

ThFY - Thin First-Year Ice
MFY - Medium First-Year
HV-SC - Heavy Snow Cover
PR - Pressure Ridge
OW - Open Water
MY SC - Multiyear with Snow Cover

MY-HV.MP - Multiyear with Numerous Melt Pools

IACKNOWLEDGEMENTS
This work was supported under Office of

Naval Research (ONR) Contracts NOOO14-81-C-U 0295, N00014-83-C-0404 and N00014-85-K-0200.
The ONR technical monitor for this work was Mr.Charles Luther. 3. Onstott, R.G. and S.P. Gogineni, "Active

Microwave Measurements of Arctic Sea Ice

REFERENCES Under Summer Conditions", J. Oceanic Engr.
OE-9, pp. 383-388, 1984.

1. Johannessen, O.M. and 0. Horn 
(Ed.) 1984,

MIZEX 84 Summer Experiment PI Preliminary 4. Halllkanen, M., F.T. Ulaby and M.
Reports (MIZEX Bulletin V), U.S. Arm Cold Abdelrazik, "The Dielectric Behavior of
Regions Research and Enyineertng Snow In the 3 to 37 GHz Range, Proc.
Laboratory, CRREL Special Report, 84-29. IGARS'84, ESA SP-215, pp. 169-174,m Strasbourg, August 27-30, 1984.

2. Gray, A.L., R.K. Hawleing, C.E.

Livingstone, L. Drapier Arsenault, and W.M. 5. Tiuri, M., A. Sihvola, E. Nyfors, and M.
Johnstone, "Simultaneous Scatterometer and Hallikainen, "The Complex Dielectric
Radiometer Measurements of Sea-ice Constant of Snow at Microwave Frequencies",
Microwave Signatures", J. Oceanic Enr., J. Oceanic Engr., DE-i, No. 5, pp. 377-382,
icOE-7, No. 1. pp. 20-32OEN95p. 3984.

m

I



U
I

I AN INTER-SENSOR COMPARISON OF THE MICROWAVE SIGNATURES OF
ARCTIC SEA ICE

MIZEX-84 Remote Sensing Special Topic Working Group*

Robert G. Onstott, Chai man
Radar Science Laboratory

Environmental Research Institute of Michigan3 Ann Arbor, Michigan

ABSTRACT and thickness; (b) Ice concentration; (c) floe
size; (d) ice sheet and snowpack physical

Active and passive microwave and physical properties; and (e) deformation characteristics.
property measurements were made of Arctic sea ice
in the marginal ice zone during the summer of If. ICE SCENE AND EXPERIMENT DESCRIPTION
1984. Preliminary results of an intercomparison

of data acquired by an aircraft synthetic aperture During MIZEX-84 the major summer sea Ice
radar, a passive microwave image and a scenes were multiyear (MY). thick first-year
helicopter-mounted scatterofieter indicate that (TFY). medium first-year (MFY). and thinI early-to-mid summer sea ice microwave signatures first-year (ThFY). Multiyear is sea ice which has
are dominated by snowpack characteristics, survived at least one summer's melt. It has an
Measurements show that the greatest contrast ice thickness greater than 2.5 meters and during
between thin first-year and multiyear sea ice MIZEX-84 a snowpack thickness which ranged from 35
occurs when operating actively between 5 and 10 to 60 cm. Thick first-year is ice which began
GHz. Significant information about the state of growing during the fall and has a thickness
melt of snow and ice is contained in both the greater than 120 cm and a snowpack thickness of
active and passive microwave signatures. 25-35 cm. Medium first-year represents a class of

ice which began growing late in the season. It
has a thickness of 70 to 120 cm with a 10-15 cm
snowpack. Thin first-year ice began growing very
late in the season and therefore has only an ice
thickness of 30 to 70 cm and a snowpack thickness
of 2-6 cm. Note that snow thickness and the
various ice types observed in MIZEX-84 have a high

1. INTRODUCTION degree of correlation.

Ice found in the MIZEX study area exhibits
Measurements of the microwave signatures of considerable deformation due to dynamic forces

Arctic sea ice were made during June and July of experienced prior to entering the Fram Strait.
1984 in the Fram Strait of the Greenland Sea in an Deformation characterisitics include a significant
area north and west of Spitzbergen as part of the number of ridges, rubble, increased surface and
Marginal Ice Zone Experiment (MIZEX) (1]. In this sub-surface topography, and increased floe
investigation, microwave signatures were acquired thickness. Other features of significance on
from the start of summer until a time immediately multiyear and thick first-year ice are regions of
after peak melt. An important aspect of MIZEX was surface and sub-surface meltwater pools, and areas
the emphasis placed on the comparison of of flat ice and mounds.
coincident active and passive aircraft, satellite,
4nd surface-based in-situ microwave observations During this investigation a synthetic
in conjunction witiF-tensive ice characterization aperture radar (SAR) operating at 1.2 and 9.4 GHz

measurements. with 3 meter resolution and passive microwave
imager (PMI) operating at 19, 37, 90 and 94 Glz

The goals of the MIZEX remote sensing program with up to 16 meter resolution, if flown at low
are (1) to better understand sea ice scattering levels, provided synoptic M1Z coverage by
and emission processes, (2) to better interpret producing 80 km x 80 km mosaics. The SAR data
present and future remote sensing observations, were collected at Incident angles from 30 to 70
(3) to define operating parameters as well as degrees. The microwave measurements made by the
predict performance of future air- and space-borne scatterometer are at a similar resolution, an
sensors, and (4) to develop algorithms to convert extended range of viewing angles (0 to 70 degreemicrowave signal data into geophysical processes incident angles) ar At fraquencies mf 1.5, 5.2.
information. In the MIZ. as well as in the 9.6, 13.6 and 16.6 GHz. Passive microwave images
central Arctic, the geophysical information of were assembled by scanninq about nadir. Satellite
greatest interest includes: (a) Ice age, type, imagery consisted of NIMBUS-7 SW4R (passive

II



microwave) and NOAA-7 AVHRR (visual and infrared), superimposed ice layer at the snow-ice interface
Nimbus-7 operates at 6.6, 10.7, 18, 21, and 37 GHz is a key contrioutor to the backscatter cross

with coverage of the entire Fram Strait. Aircraft section.
passive microwave profiles were also acquired at
these frequencies. Surface-based radiometer On June 29 SAR (ERIM CV-580) "daytime" and

measurements were made at angles from 20 to 60 PMI (NRL P-3) "nighttime" data were collected of
degrees and at 6, 10, 18, 37, and 90 GHz. an area about the MIZEX drift ship. In Figure 2 a
Physical property information includes the subset of these data is shown with an aerial
physical description of the snowpack and ice photograph for the visual intercomparison of
sheet, snow wetness, surface roughness, salinity specific Ice features. I
profiles, and dielectric constant values.

An inventory of sea Ice signatures in the MIZ
Ill. DISCUSSION OF RESULTS has been made and includes: (a) the mixture of

brash ice and small floes; (b) refrozen ThFY
During summer, the state of the snowpack leads; (c) FY ice, often found as one of the ice I

becomes especially important. Percolation of snow types in large floes; (d) regions of very heavy
melt-water onto the Ice sheet creates either a snow cover found in severely deformed areas on MY
rough superimposed Ice- or slush-layer depending or TFY ice; (e) pressure ridges; (f) sub-surface
on environmental conditions. Furthermore, during melt pools; and (g) open water either in surface
the first half of the summer, the high melt pools or between floes.
absorptivity of a wet snowpack greatly reduces the

overall variability in sea Ice microwave Relative radar backscatter cross section
signatures. ratios and brightness temperatures from

measurements made at the start of the peak melt
The ability of a wet snow layer to temporarily period have been calculated using SAR,

mask Ice sheet features during summer has been scatterometer and PMI data and are presented In
reported previously in other regions [2,3]. The Table 1. The cross section ratios are presented in
thickness of the layer of wet snow required to dB and referenced to open water. The brightness
mask sub-surface topography may be estimated by temperatures are referenced to nadir. I
taking two or three microwave penetration depths, Table 1.
found as a function of snow wetness and frequency Radar lackscatter Cross-Section Ratios at 3"
(see Figure 1). It is Important to note that the Incltient Anqle and Brightnesi Teqeeratures
distance traveled into wet snow before complete at * incidence Anqle for Sumer Sea Ice
absorption Is easily two orders of magnitude less _

than in dry snow. Backscatter Cross-Section Ratios (d) 111 (I)

W t100n Scene... 1.2 5.3 9.4 13.6 16. 5 90.0
a Wet Snow srah 11.0 12.0 13.5 ..-. ---. 205

10 Experimental Data - I
0.Th 1. S 1 .0 15.0 15.0 200

CL reY 7.5 9.0 13.5 14.0 14.0 184
3 1 1 GHz i i SC 5.0 7.0 11.0 13.S 13.S 186

0 2 PR 7.0 --.. 10.0 .... ...

Oy 01 .0 .0 .0 .0 .0 20S
--
W P f SC 6.S 8.0 11.0 13.5 12.5 1902 0.01 10
J- 018 1MY Rv iF 110.0 11.0 14.5 I5.s 14.5 .----

0.001 1 37 ackscatter Ratios Have Been Referenced to Open Water
0 2 4 6 8 10 12 14 7hFY . Thin First-Year Ice

WiY- Mpdtum First-Year IceVolumetric Water Content (0) VC - ..eavy Snow Cover
PR - Pressure Ridge

OW - Open WaterFigure 1. Penetration depth for wet snow MY SC - Multiyear with Snow Cover
between I GHz and 37 GHz, calculated MY MY M - hultlyear with Numerous Melt Poolsfrom experimental data. e,

Significant contrast exists between all the
Additionally, there Is a significant MIZ ice types and open water, except for an

reduction in the ability to penetrate either wet ambiguity between the passive microwave signatures
or dry snow as frequency increases and as snow of brash ice and open water at 90 GHz. The I
acquires a very modest wetness (for example, 2-4% contrast between ice and water is Illustrated in
wetness by volume). Hence during early to mid Figure 2 by the clear delineation between floe
summer and at frequencies above 10 GHz much of the boundaries.
Information about homogeneous ice scenes is
derived from the physical and electrical The L-band (1.2 GHz) ratios indicate brash I
properties in the snowpack's top several ice can be distinguished from the other Ice andcentimeters. The freezing of the upper few snow categories. Thick snow cover also has a
centimeters of the snowlayer, and the way melt unique cross section signature. The C-band (5.3
water accumulates on the ice sheet which Is GHz) ratios confirm that operation at the higher
controlled by the large scale topography, also microwave frequencies is better for
contribute to an ice sheet's microwave signature. differentiating first year from multiyear ice.

Thin first-year ice can also be differentiated
In the case of thinner ice, the increased from medium first-year ice. Note, that the

small scale-surface roughness due to a European Space Agency (ESA) will launch a

I
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W-Band PMI

3 X-Band SAR

I Aerial Photograph
L-Band SAR

86-823

IFigure 2. Synthetic aperture radar images (ERIM CY-580) at 1.3 and
9.8 Orz a passive microwave Image (NRL-P3) at 90 6Hz. and
an aerial Photograph (ERIM CV-580) acquired during
MIZEX-84 serve to illustrate the inter-relationships
betme cowa i nt ursaoneaiefetre.rmd
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free-flyer (ERS-1) SAR satellite that will operate *MIZEX-84 Remote Sensing Special Topic 3
at C-band. The X-band (9.4 GHz) data yield Working Group:
results similar to those at C-band. Brash ice can
be differentiated from multlyear, but not from Barbara A. Burns, ERIM, Ann Arbor, Michigan

first-year. However, examination of SAR X-band Donald Cavelieri, NASA Goddard, Greenbelt, 

images shows that brash ice is separable from Maryland
first-year based on its shape and location (i.e., Per Gloerson, NASA Goddard, Greenbelt, Maryland

context). The radar contrast between first-year Anthony J. Gow, USACRREL, Hanover, New Hampshire

and multiyear ice decreases at 13.6 and 16.6 GHz. Thomas C. Grenfell, Univ. of Washington, Seattle,
This appears to be due to an increased Washington 1
absorptivity of the snow which results in the Jim Hollinger, NRL, Washington, D.C.

snow/ice roughness at the snow/sea ice interface Mary R. Keller, NRL, Washington, D.C.

to be less of a contributor. Richard K. Moore, Univ. of Kansas, Lawrence,
Kansas

The W-band data (90 GHz) show significant Robert G. Onstott, ERIM, Ann Arbor, Michigan

sensitivity to the distribution of moisture within Duncan Ross, Univ. of Miami, Miami, Florida

the boundary of an ice floe. In examining Figure Robert A. Shuchman, ERIM, Ann Arbor, Michigan
2, the dark areas within a floe indicate a high Terry Tucker, USACRREL, Hanover, New Hampshire
snowpack wetness; whereas, the lighter grey-tone
Indicates better-drained snow in combination with ACKNOWLEDGEMENTS
more extensive freezing in its upper layers. Open
water meltpools are easily identifiable. hFY has a This work was supported under Office of Naval
cooler brightness temperature due to the volume Research (ONR) Contracts N00014-81-C-0295,
scattering which arises from frozen snow. This, N00014-83-C-0404 and N00014-85-K-0200 and under I
however, is not a unique signature and may be seen the National Space Administration Grant NAGW-334.
in areas of MY ice. The ONR and NASA technical monitors for this work

were Mr. Charles A. Luther and Dr. Robert H.
IV. SUMMARY Thomas, respectively.

Microwave measurements were made at REFERENCES
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The passive microwave data show the ability to map
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